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SUMMARY 

OBJECTIVFS 

The objec t ive  of t h i s  National Aeronautics and Space Administration 
(NASA) program was t o  reduce the  number of f ibe rg la s s  rocket  motors re- 
jec ted  because of var ious case and/or case-grain i n t e r f a c e  defec ts  by 
developing accep t l r e j ec t  c r i t e r i a  and methods of r e p a i r  f o r  these  defec ts .  
The development of r e p a i r  techniques f o r  appl ica t ion  i n  the f i e l d  was 
considered highly des i rab le .  

PROGRAM PLAN AND SCOPE 

The work performed i n  t h i s  program consis ted mainly of the s t a t i c  
f i r i n g  of s ix t een  X248 rocket  motors. The motors were used t o  evaluate  
(1) ' f iberglass  defec ts  i n  the  domes and cy l ind r i ca l  sec t ion ,  (2) r epa i r  
of f i be rg la s s  defec ts  i n  the cy l ind r i ca l  sec t ion  and (3) separat ions be- 
tween the propel lan t  and the motor case.  Analyt ical  and laboratory work 
was performed i n  d i r e c t  support of the motor program. 
s u l t s  were compared with s t a t i c  t e s t i n g  r e s u l t s .  Laboratory work was 
concerned with evaluat ing mater ia l s  and the  technique used t o  r epa i r  t he  
f ibe rg la s s  and case bond defec ts .  
domes was a l s o  inves t iga ted  with the use of small filament-wound b o t t l e s .  

The ana ly t i ca l  re- 

The f e a s i b i l i t y  of r epa i r ing  f ibe rg la s s  

The motors used f o r  t he  s t a t i c  f i r i n g s  were se lec ted  from Government- 
Furnished Materiel and were thoroughly inspected before t h e i r  s e l ec t ion  
f o r  use on t h i s  program. A l l  those se lec ted  were found t o  include case  
bond separat ions i n  t h e  forward area beyond l i m i t s  previously considered 
f l ightworthy.  
damage-which had caused them t o  be r e j ec t ed  f o r  f l i g h t  use. The program 
was based on the conservative approach t h a t  a s ing le  f a i l u r e  was f u l l y  
ind ica t ive  but  t h a t  a s ing le  success required confirmation. T e s t s  on 
f ibe rg la s s  defec ts  and r e p a i r s  were performed a t  chamber pressures  ap- 
proximately 25% above normal operat ing pressures  i n  order  t o  avoid favor- 
ab le  in t e rp re t a t ion  of marginal r e s u l t s .  

Certain of these motors had previously incurred f ibe rg la s s  

RESULTS AND CONCLUSIONS 

Two motors, devoted t o  evaluat ing case  bond separat ions i n  the  forward 
dome area,  were f i r e d  a t  normal pressure a f t e r  cen t r i fuge  and sp in  tests t o  
simulate f l i g h t  loads 'during f i r i n g  of lower s tage  motors. Results showed 
t h a t  such separat ions,  regard less  of s i z e  of separated area,  a r e  of no 
b a l l i s t i c  s ign i f icance  i f  so located t h a t  they w i l l  no t  be exposed t o  the  
advancing flame f r o n t  p r i o r  t o  t a i l - o f f .  
f u l  f i r i n g  of o ther  motors i n  the program. 
of forward dome case  bond defec ts  was no t  necessary. 

This was confirmed by the  success- 
These tests showed t h a t  r e p a i r  



Only limited work was done on fiberglass defects in the dome areas 
of motors. Although large defects were inflicted in dome areas of three 
motors, no motor failure was induced, The X248 domes are not typical of 
those of more modern case design, and results indicated that the stress 
analyses used were not directly applicable to the configuration. Since 
the design was considered obsolescent, the problem was not pursued. A 
subscale bottle program to obtain information on damage and repair of 
elliptical domes was conducted. Feasibility of such repairs was indi- 
cated. 

The remaining motors were used in the investigation of gouge-type 
defects in the cylindrical section of the motor. The first test estab- 
lished a longitudinal defect which would result in a failure unless it 
was repaired. The second test demonstrated that even more severe defects 
could be repaired and that certain defects could be tolerated without re- 
pair. 

The next series of four motors was used to investigate longitudinal 
defects penetrating completely through the motor case wall. These tests 
consisted of (1) two 2.5-in.-long defects repaired with four-ply patches, 
(2) a 7.5-in.-long defect repaired with a four-ply patch, (3) a 7.5-in.- 
long defect repaired with a three-ply patch and (4) a 15.0-in.-long de- 
fect repaired with a four-ply patch. All defects were considered to be 
successfully repaired, even though the last two resulted in failure. These 
failures occurred at pressures which were more than 25% over the normal 
operating pressures, The two failures were results of processing vari- 
ables in fabricating the patch. 
within acceptable limits. 

These variables are believed controllable 

Circumferential defects in the X248 were considered to be of a less 
critical nature than longitudinal defects because of the loading condi- 
tions and winding geometry. One test was used to investigate the repair 
of two 7.5-in.-longy complete-penetration, circumferential defects. Re- 
sults of this test, as expected, indicated that a three-ply patch was 
adequate for repair of circumferential defects. 

The final two tests consisted of investigating combinations of longi- 
tudinal and circumferential complete-penetration fiberglass defects. The 
first test was of 5.3-in.-long and 7.5-in.-long combination defects which 
formed right angles. These were repaired with four-ply patches. Although 
a failure resulted because of a patch processing problem, the test was 
considered successful because pressures 25% above normal operating pres- 
sures were attained before failure. The second test was of 5.3-in.-long 
and 7.5-in.-long combination defects which formed squares. These defects 
were repaired with five-ply patches. 
large area defects could be repaired. 

The successful firing indicated that 
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This program demonstrated t h a t  c e r t a i n  f ibe rg la s s  defec ts  and case 
bond separa t ions  i n  the  X248 motor can be to l e ra t ed  and t h a t  a f i e l d  re- 
p a i r  technique fo r  f i b e r g l a s s  defec ts  i n  the  X248 c y l i n d r i c a l  s ec t ion  
can be used t o  r e p a i r  defec ts  of la rge  magnitude. However, t he  applica- 
t i o n  of these  data t o  accept or r e j e c t  defec ts  and r e p a i r s  remains sub- 
j e c t  t o  an engineering evaluation of each case. 

FUTURE WORK 

Future f i b e r g l a s s  defec t  and r e p a i r  work should be d i rec ted  primarily 
towards extending the  information derived from t h i s  program i n t o  an ana- 
l y t i c a l  genera l iza t ion .  The objec t ive  would be t o  make the  r e s u l t s  gen- 
e r a l  enough t o  a f ford  an in s igh t  i n t o  defec t  behavior i n  other f ibe rg la s s  
appl ica t ions  regard less  of configuration. 

The ava i l ab le  X248 and X259 motors should be u t i l i z e d  t o  continue the  
evaluation of propel lan t  and case bond defec ts  and r e p a i r s .  

i x  



SECTION I 

INTRODUCTION 

A, PROBLEM AND OBJECTIVES 

Under contract  NAS 1-6367, Hercules Incorporated, Allegany B a l l i s t i c s  
Laboratory (HI/ABL) was authorized t o  conduct a program t o  evaluate the 
sever i ty  of defec ts  i n  s o l i d  propel lant  rocket motors, 
included propellant-to-chamber (case bond) separat ion,  f iberg lass  damage, 
and pol;ous propel lant .  

These defects  

Fiberglass  so l id  propel lant  rocket motors a re  vulnerable t o  both 
ex terna l  and i n t e r n a l  defects .  External surface damage such a s  gouges, 
bruises ,  and abrasions may occur during motor manufacture o r  i n  the f i e l d  
Field-type damages a r e  more c r i t i c a l ,  s ince the  motor contains l i v e  pro- 
pe l l an t  and cannot be returned t o  the  motor case f ab r i ca to r  f o r  reyork. 
In t e rna l  defec ts  cons is t  of e i t h e r  case bond separat ions o r  porous pro- 
pe l lan t .  
and r e s u l t  i n  a f a i l u r e  of the  motor. 

These two defec ts  could cause abnormal burning of the  propellan 

Thus, the  basic  program objec t ive  was t o  reduce the  r e j ec t ion  r a t e  of 
f iberg lass  rocket motors due t o  various case and/or case-grain in t e r f ace  
defects  by developing accept / re jec t  cr i ter ia  and methods of repa i r  fo r  
these defects .  

B. BACKGROUND 

A review of completed programs involving chamber damage and repair w a  
made t o  e s t a b l i s h  a back round of knowledge and t o  formulate the  present 

degradation a s  a function of t he  magnitude, o r i en ta t ion ,  and loca t ion  of 
ex terna l  defec ts ;  development of e f f ec t ive  repair methods; and determina- 
t i on  of the  defec t  magnitudes f o r  which adequate repair w a s  improbable. 
The ex terna l  defec ts  s tudied i n  t h i s  program were l imited t o  t h e  cy l ind r i  
c a l  sec t ion  and repair techniques included the  removal of layers  a f fec ted  
by the damage followed by rewinding g l a s s  i n  the  a reao  Fu l l  repairs were 
thus l imited t o  defec ts  a f f ec t ing  hoop windings; no compensation f o r  
damage t o  h e l i c a l  windings was provided. 

program. Cull iss’  work( 15 ‘a t  HI/ABL included an evaluatPon of s t rength 

L 
\ Chamber damage e f f e c t s  and repair  techniques were a l s o  studied by 
1 Burkley(2) a t  Goodyear. 

induced flaws i n  the  cy l ind r i ca l  sect ion.  
work was t h a t  the  most successful technique fo r  f i e l d  r epa i r  involved 
elastomeric bonding of a f iberg lass  patch over t he  cut area. 

This  program d e a l t  with sub-scale Gases having 
B notable development from t h i  

: This work 



a l s o  fu r the r  recognized the influence of layer  o r i en ta t ion  upon the  i n i t i i  
"peel-back" f a i l u r e  mode 

The a p p l i c a b i l i t y  of da ta  generated from a small-scale case program 
and r e l a t ed  t o  l a r g e r  specimens w a s  developed by Cross(3) a t  HI/ABL. 
work indicated a high l eve l  of confidence i n  predict ing fu l l - sca l e  case 
damage responses based upon sub-scale t e s t  data.  

H i s  

The f i n a l  l i t e r a t u r e  reviewed included s t r u c t u r a l  evaluation of dam- 
aged filament-wound pressure vesse ls  by Lunde(4) of Aeroject-General 
Corporation. This work coupled theo re t i ca l  and e m p i r i c a l  techniques t o  
quant i ta t ive ly  e s t a b l i s h  s t rength l o s s  a t t r i b u t a b l e  t o  surface damages. 
Repair c r i t e r i a  were discussed and ac tua l  repair mater ia l s  and configura- 
t ions  experimentally evaluated,, 
t he  theo re t i ca l  analysfs  and t o  compare the  var ious r epa i r  methods. 
However, the  data  were in su f f i c i en t  t o  provide a va l id  bas i s  fo r  fu ture  
appl icat ion.  

T e s t  da ta  were provided t o  subs tan t ia te  

C. SUMMARY OF PROGRAM PLAN AM) SCOPE 

The contract  was divided i n t o  two phases: Phase I comprised (a) the  
receipt, inspect ion and storage of Government-furnished material. (GFM) 
motors, cases,  e tc . ,  provided f o r  use on the contract  and (b) t he  prep- 
a ra t ion  of a program plan f o r  a test and development e f f o r t  using the  GFM 
as appropriate i n  pursu i t  of the s ta ted  object ives .  Phase I1 comprised 
the  t e s t  and development program with such supporting a c t i v i t y  as was 
found necessary, A s  executed, the Phase I1 program w a s  confined t o  con+ 
s idera t ion  of case damage and case/grain and g r a i d i n s u l a t o r  separat ion 
t o  bes t  assure  achievement of d e f i n i t i v e  r e s u l t s ,  
covers the e n t i r e  e f f o r t  through June 1968. 

The present report  

The ac tua l  Phase I1 t e s t i n g  w a s  broken down i n t o  the inves t iga t ion  
of (1) f ibe rg la s s  and (2) case bond defec ts ,  The f ibe rg la s s  damage in-  
ves t iga t ion  consis ted of stress analyses,  damage evaluation, and damage 
repair. 
problems i n  the reproducib i l i ty ,  assessment, and ana lys i s  of the  bruise  
and abrasion type defec ts .  A stress ana lys i s  of an undefected chamber 
w a s  followed by ana lys i s  of defected and repaired chambers i n  order  t o  
determine the s t rength  degradation. The evaluation of f iberg lass  defec ts  
i s  designed t o  e s t a b l i s h  to l e rab le  damage limits not requir ing repair 
and t o  inves t iga te  such va r i ab le s  as  defec t  locat ion,  or ien ta t ion ,  and 
magnitude. 

Fiberglass  damages were l imited t o  the  gouge type because of 

Gouge-type defec ts  t h a t  were i n f l i c t e d  completely through the chamber 
wall  had t o  be repaired.  This  r epa i r  of complete f ibe rg la s s  defec ts  w a s  - ~ ". _ x  I I_IIxI ~-~~ ~ 111 - 
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designed t o  (1) develop r epa i r  techniques, (2) optimize patch mater ia ls  
and s i z e ,  and (3) e s t a b l i s h  accept / re jec t  c r i t e r i a  f o r  repa i rs .  The pro- 
pe l l an t  defec t  inves t iga t ion  consisted of defect  evaluation and defect  
repa i r .  
l i s h  accept / re jec t  c r i t e r i a  f o r  these defec ts .  
defec ts  was designed t o  (1) develop r epa i r  techniques, (2) optimize repaii  
mater ia l s ,  and (3) e s t a b l i s h  accept / re jec t  c r i t e r i a  f o r  r epa i r s .  

The evaluat ion of the propel lant  defec ts  was designed t o  estab- 
The r epa i r  of case bond 



SECTION I1 

CONCLUSIONS AND RECOMMENDATIONS 

A D  CONCLUSIONS 

1. Fiberglass  Defects and R e p a i r s  

The NASA Defects Program has provided a c r i t i c a l  evaluat ion of thl 
s i ze ,  loca t ion ,  or ienhat ion,  and repair of gouge-type defec ts  i n  the f iber  
g lass  chamber of the  X248 rocket motor. The following major conclusions 
and achievements were demonstrated during the  program, 

Par t ia l  gouge-type de fec t s  can be sustained i n  the  
domes and cy l ind r i ca l  sec t ions  of the  X248 motor 
without a f f e c t i n g  motor performance, 
demonstrated i n  the  s t a t i c  f i r i n g  of motors num- 
bered NPP-409, -447, -455, -257, and -454. 

This was 

A f i e l d  r epa i r  technique has  been developed f o r  
t he  repair  of defec ts  completely through the w a l l  
of the  cy l ind r i ca l  sec t ion  of the X248 rocket motor. 
This technique includes a laminated f ibe rg la s s  c lo th  
patch bonded t o  the  chamber by an elastomeric bond- 
ing system which can cure a t  room temperature. The 
technique has been used t o  successful ly  repair de- 
f e c t s  without regard t o  s i z e  o r  o r i en ta t ion  of the  
defec t ,  R e p a i r  by t h i s  system requi res  no major 
too l ing  o r  equipment. 

Although the  stress analyses were v i t a l  t o  the i n t e r -  
p re t a t ion  of empirical  r e s u l t s ,  the  ana ly t i ca l  methods 
used a r e  inadequate t o  evaluate  chamber damage and 
repairs. This  i s  due l a rge ly  t o  the  geometrical 
l imi t a t ions  of the  method. This method cannot 
account f o r  the  f i n i t e  lengths  of de fec t s  and thus 
i t  tended t o  produce highly conservative so lu t ions  
when used t o  evaluate  de fec t s  and repairs. 

The f e a s i b i l i t y  of repa i r ing  f ibe rg la s s  defec ts  i n  
a rocket motor dome was demonstrated i n  a 6-in.- 
diameter b o t t l e  program. 

Although de fec t s  and repairs can be evaluated on 
an engineering bas i s ,  f u r t h e r  e f f o r t  remains t o  be 
completed before  v a l i d  accept/reject cr i ter ia  can 
be es tab l i shed  f o r  de fec t s  and r epa i r s  i n  general. 



(a) Ign i t ion  t r ans i en t  loading i s  not  as c r i t i c a l  t o  a repair 
patch as sustained pressure loading of equal magnitude. 

(b) Accuracy of depth measurements on par t ia l  defec ts  by 
inspect ion methods employed has been found inadequate 
f o r  d i r e c t  use i n  ana ly t i ca l  evaluat ion of the defec t .  

(c) The magnitude of the  measured s t r a i n s  from the s t a t i c  
f i r i n g s  has been cons is ten t  t o  within - 0.25% s t r a i n ,  
These va r i a t ions  i n d i c a t e  possible  chamber manufactur- 
i ng  and gage i n s t a l l a t i o n  va r i a t ions  between t h e  tests. 

F ie ld  repair of defec ts  may be somewhat r e s t r i c t e d  
by processing problems t h a t  have been iden t i f i ed .  

(d) 

From s t a t i c  f i r i n g s  of defected and repaired X248 motors, it i s  
concluded t h a t  gouge-type defec ts  can be repaired regardless  of X248 model 
However, i t  may be necessary t o  optimize the  patch technique f o r  s i t u a t i o r  
where patch weight and s i z e  m a s t  be r e s t r i c t e d  and where higher  loads are 
t o  be t r ans fe r r ed  by the  bond layer .  

The basic  assemptions t h a t  were used t o  design the  patch f o r  the  
X248 can be applied t o  o ther  motors as w e l l .  The patch i t s e l f  can be opti  
mized somewhat on the  bas i s  of X248 tes t  r e su l t s .  Use of these  test  resul 
would tend t o  reduce t h e  conservatism of  t he  patch design f o r  smaller defe 
However, because of the  p o s s i b i l i t y  of patch i r r e g u l a r i t i e s ,  i t  may be bes 
t o  continue using the  conservative assumptions u n t i l  t he  patch appl icat ior  
technique has  been perfected.  
designing a repair patch are (1) motor pressure,  (2) motor case radius ,  
(3) winding geometry, (4) defec t  s i z e  and depth, and (5) patch material 
propert ies ,  

The parameters t h a t  must be considered ia 

2. Case Bond Separations and R e p a i r s  

The work done during the NASA program t o  inves t iga t e  case bond 
separat ions (CBS), t o  evaluate  the  e f f e c t s  of CBS of various degrees and 
i n  c e r t a i n  motor loca t ions ,  and t o  explore the  f e a s i b i l i t y  of CBS repair 
was the  bas i s  f o r  the following two conclusions. 

(a) Large, unrepaired case bond separat ions i n , t h e  for -  
ward domes of X248 motors have not a f f ec t ed  motor 
performance and have not propagated under simulated 
f l i g h t  loading conditions.  

(b) The capab i l i t y  of analyzing the e f f e c t s  of s m a l l  
case bond de fec t s  i n  the  a f t  dome on an individual  
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bas i s  was demonstrated by t e s t i n g  several  unrepaired 
defec ts  which had no e f f e c t  on ba l l i s t ics . ,  

(c) The repair of s m a l l  case bond separat ions i n  the  a f t  
dome by i n j e c t i n g  a polyurethane material i n t o  the  
separat ion with a hypodermic syringe w a s  shown t o  be 
feas ib le .  

(d) The technique of repa i r ing  CBS by pumping r e s i n  
through holes  d r i l l e d  i n  the  f ibe rg la s s  case appears 
f eas ib l e ,  but remains t o  be demonstrated., 

(e) The radiographic inspect ion technique has c e r t a i n  
l imi t a t ions  i n  the  a b i l i t y  t o  de tec t  and evaluate 
case bond separat ions and t o  ve r i fy  t h e i r  satis- 
factory repa i r ,  

B o  RECOMMENDATIONS 

1. Fiberglass  Defects and R e p a i r s  

The r e s u l t s  obtained i n  t h i s  program have c l e a r l y  demonstrated that 
c e r t a i n  defec ts  w i l l  not a f f e c t  motor performance and a l so  t h a t  extensive 
f ibe rg la s s  defec ts  can be successful ly  repaired.  However, these r e s u l t s  
have been obtained from one spec i f i c  type of rocket motor. The question 
remains as  t o  whether o r  not r e s u l t s  obtained from the  X248 chamber are 
appl icable  t o  f ibe rg la s s  s t ruc tu res  i n  general. This i nd ica t e s  t h a t  a more 
general approach t o  the problem of f ibe rg la s s  defec ts  and repairs should be 
undertaken. 
a b i l i t y  t o  take da ta  from the  l imi ted  number of se lec ted  tests and mathema- 
t i c a l l y  apply the r e s u l t s  t o  f ibe rg la s s  s t ruc tu res  of any configuration. 

The importance of t h i s  more generalized approach l i e s  i n  the 

The fu ture  work should be d i rec ted  primarily toward extending t h i s  
informational background t o  an ana ly t i ca l  general izat ion,  the  object ive 
being t o  make the r e s u l t s  general enough t o  a f ford  an in s igh t  i n t o  defect  
behavior i n  o ther  f ibe rg la s s  appl icat ions regardless  of configuration. A s  
i n  t h i s  program, a t t en t ion  should necessar i ly  be addressed t o  gouge-type 
defec ts ,  because these defec ts  a r e  the  most c r i t i c a l  and t h e i r  e f f e c t s  can 
be assessed. 

The fu ture  f ibe rg la s s  program should be ca r r i ed  out i n  three phases 
(1) analys is ,  (2) patch optimization and fabr ica t ion ,  and (3) experimental 
ve r i f i ca t ion .  It should be conducted a t  three  bas ic  leve ls :  (a) on "simp1 
representat ive elements" such as f l a t  plates with defects ,  (b) on sub-scale 
pressure tubes,  and (c) on fu l l - sca l e  configurations o ther  than the X248 
rocket motor. 
t o  the evaluat ion and r epa i r  of f i be rg la s s  defects .  This would a l so  permit 

~ rhx ' d e v e " Z o p ~ i ~ t ~ s m  ~ ~ ~ e g r J ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ b - ~ ~ ~ ~  

These three  phases would r e s u l t  i n  a more uni f ied  approach 

r-d- f e c t s  and r epa i r s  i n  general. 
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The following recommendations are suggested for the immediate fu- 
ture as being consistent with the overall proposed recommendations: 

Development of a three-dimensional computer pro- 
gram to achieve more exact analyses of defects 
and repairs. 

Further investigation of both dome defects and 
circumferential cylindrical defects. 

Determination of shear strength of the patching 
system. 

Repair of cylindrical defects on X259 chambers. 

Further optimization of patch size, orientation, 
and materials. 

2 .  Case Bond Separation and Repair 

The case bond separation study has yielded information and conclu 
sions of considerable portent in future production and use of case bonded 
rocket motors. The following work is recommended as the most potentially 
fruitful extension of this investigation. 

The repair and testing of NPP-424 should be com- 
pleted to verify that the separation can be com- 
pletely filled with repair adhesive and an adequate 
bond effected. 

Evaluation of propellant and case bond defects and 
development of repair procedures, using the avail- 
able X248 and X259 motors, should be continued. 

To overcome radiographic inspection limitations, 
other NDT methods should be evaluated for such 
applications. 



SECTION 111 

DISCUSSION OF RESULTS 

I A. INTRODUCTION 

t The NASA Defects Program consis ted of two phases. Phase I consis ted 
of r ece ip t ,  inspect ion and s torage  of t he  rocket motors and empty cham- 
bers  provided f o r  use i n  t h i s  program. Inspect ion of the rocket motors 
consis ted of v i sua l ,  dimensional and radiographic inspect ions.  Inspec- 
t i o n  of t he  empty chambers w a s  l imi ted  t o  v i sua l  examination. The inspec- 
t i o n  r e s u l t s  are summarized i n  Table 1, and de ta i l ed  radiographic maps 
f o r  each motor are given i n  Appendix A. The radiographic maps a l s o  contai  
the  r e s u l t s  of subsequent inspect ions conducted during the  Phase I1 t e s t i n  
These maps are presented i n  Mercator pro jec t ion  of t he  e n t i r e  case., Loca- 
t i o n  of c e r t a i n  f ea tu res  of t he  motors i s  indicated and the  separat ions 
found are shown by ind iv idua l  bars  i n  the  index pos i t ions  where observed, 

Phase I1 consis ted pr imari ly  of the  s ta t ic  f i r i n g  of X248 rocket motor 
These f i r i n g s  were used t o  inves t iga t e  f ibe rg la s s  case defec ts  and repairs 
and case bond separat ions i n  the  motors. Descr ipt ions of these  defec ts  an 
f i r i n g  r e s u l t s  are summarized i n  Table 2. Three types of f ibe rg la s s  defec 
were invest igated:  (1) part ia l  penetrat ion,  (2) complete penetrat ion,  and 
(3) combinations of d i f f e r e n t  o r i en ta t ions  of complete penetrat ion,  The 
inves t iga t ion  of these defec ts  included the  development of a r epa i r  tech- 
nique f o r  c y l i n d r i c a l  sec t ion  defec ts  which would cause motor f a i lu re .  
The case bond separat ion inves t iga t ion  consis ted of the  s t a t i c  f i r i n g  of 
motors with la rge  separat ions i n  the  forward dome port ion of the motoi-, 
Some of these motors a l s o  contained minor unrepaired and repaired CBS i n  
the  a f t  end. 
importance t o  the  f ibe rg la s s  defec t  and repair inves t iga t ion ,  and case bon 
separat ion repairs were made only as needed t o  make the  test  motors su i tab  
f o r  use as t e s t  vehic les  i n  the  f ibe rg la s s  repair program. 

The case bond study, however, was considered of secondary 

, I n  addi t ion  t o  the X248 s t a t i c  f i r i n g ,  a s m a l l  b o t t l e  program and 

i 
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i laboratory inves t iga t ions  were performed. These port ions of the  program 
I served mainly t o  evaluate  repair materials, procedures and techniques. 
I 

1 B. FIBERGLASS DEFECTS AM) REPAIRS 1 
I 1 ., Technical Approach 

Fiberglass  chambers are subjec t  t o  surface damages. These damages 
may be c l a s s i f i e d  according t o  th ree  bas ic  categories:  (1) bru ises ,  
(2)-abrasions,-and - (3) gouges. - "-I A b ru i se  --^I ~ i s  the damage which occurs ~ when - 
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impact  loading causes r e s i n  crazing i n  the  impac t  area but no f i b e r s  a r e  
cu t ,  
f i b e r s  are severed. 
i n  l o c a l  des t ruc t ion  of t h e  load-carrying c a p a b i l i t i e s  of t he  f ibe r s .  

An abrasion i s  defined as damage i n  which the  surface i s  cu t  but no 
A gouge i s  damage involving severed f i b e r s  and r e s u l t  

This i n v e s t i g a t i o n  of f i b e r g l a s s  chamber damages was l imi ted  t o  
machined gouge-type defec ts .  
reasons: 

The gouge-type w a s  chosen f o r  t h e  following 

(a) The loss  of load-carrying capab i l i t y  r e s u l t i n g  from 
the  complete severance of f i b e r s  can be c r i t i c a l  t o  
t he  s t r u c t u r a l  i n t e g r i t y  of t he  motor case. 

(b) Only gouges can be r e l i a b l y  and accura te ly  measured 
by the  present ly  ava i l ab le  inspec t ion  techniques. 

(c) The gouge i s  more e a s i l y  reproduced and cont ro l led  
because i t s  dimensions can be assessed. 

(d) The present ly  ava i l ab le  a n a l y t i c a l  techniques a r e  
more adaptable t o  the  ana lys i s  of gouge-type defec ts .  

The th ree  bas i s  types of gouges inves t iga ted  i n  the  program were 
pa r t i a l ,  complete, and combination, The pa r t i a l  type gouges do not com- 
p l e t e l y  pene t ra te  t he  chamber w a l l .  The complete type gouges have com- 
p l e t e l y  penetrated t h e  chamber w a l l ,  The combination type gouges have 
completely penetrated the  chamber w a l l ,  and a re  combinations of two o r  
more defec ts .  

The motors used f o r  the  f i b e r g l a s s  defec t  and repair  study were 

Because t h e  ava i l ab le  number of any one model of t he  X248 w a s  
se lec ted  from GFM and were thoroughly inspected before t h e i r  use i n  t h i s  
program. 
l imi t ed ,  X248 motors of t he  A5,  A6 and A10 models were used. 
d i f f e r  mainly i n  t h e  winding pa t t e rns  as described i n  the  mathematical 
analyses sec t ion  of t h i s  r epor t ,  
viously r e j ec t ed  f o r  use as f l i g h t  veh ic l e s  because of case bond separatio 
i n  the  forward dome area and minor f ibe rg la s s  damage on some motors. 

These models 

All t h e  motors se lec ted  had been pre-  

The motor program w a s  based on t h e  conservative approach t h a t  a 
s ing le  f a i l u r e  w a s  f u l l y  ind ica t ive ,  but t h a t  a s ing le  success required 
confirmation. Tests on f i b e r g l a s s  damage and repair were made a t  chamber 
pressures wel l  above normal operating pressures of approximately 250 p s i a  
f o r  the  motors used, thus  avoiding favorable i n t e r p r e t a t i o n  of marginal 
r e s u l t s .  
undersized nozzle th roa t s .  Figure 1 shows the X248 motor configuration 
and Figure 2 shows normal and typ ica l  over-pressure pressure traces 

Chamber pressures  f o r  these  tests were increased by the  use of 
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c h a r a c t e r i s t i c  of these tests.  
i d e n t i f i e d  elsewhere i n  t h i s  repor t .  The nozzles were s i zed  t o  give a 
maximum progressive pressure of 350 p s i a  as compared t o  250 p s i a  f o r  norma 
conditions. 

Figure 1 a l s o  o r l e n t s  angular pos i t ions  

2. Description of F iberg lass  R e p a i r  Techniques 

a. In t roduct ion  

A technique has been developed f o r  t he  r e p a i r  of f i be rg la s s  
The design de fec t s  i n  t h e  c y l i n d r i c a l  sec t ion  of t h e  X248 rocket motor. 

of t h i s  repair technique w i l l  permi t  it t o  be applied t o  o ther  motors 
with possibly only minor modifications. However, i t s  appl ica t ion  t o  o ther  
motors remains t o  be demonstrated. 

The design of t he  patch f o r  the  repair  of f i be rg la s s  de fec t s  
required severa l  considerations.  F i r s t ,  t he  bond between the  patch and t h  
f i be rg la s s  chamber had t o  be capable of t r ans fe r r ing  the  load between the  
two, t ransmi t t ing  pressure loading on t h e  case i n t o  the  patch and then f r o  
the  patch back i n t o  the  case.  Secondly, t he  patch i t s e l f  had t o  ca r ry  the  
t r ans fe r r ed  load without f a i l u r e .  

A l i t e r a t u r e  study(2) ind ica ted  t h a t  t h e  major problem i n  

Repai r  methods u t i l i z i n g  s t rong  patch materials such as m e t a l  
r epa i r ing  a defec t  was the  proper shear transmission between t h e  case and 
t h e  repair. 
and f ibe rg la s s  had f a i l e d  t o  repair defec ts  completely because of shear 
s t r e s s  d i s t r i b u t i o n .  This d i s t r i b u t i o n  of shear stresses along the  bond 
length w a s  not uniform but displayed peaks a t  both ends of the  patch as 
well  as a t  t he  de fec t  edges. These peak shear s t r e s s e s  must be kept a t  
a sa fe  l e v e l ,  because once f a i l u r e  begins, the  e n t i r e  bond w i l l  give way. 

b. Materials 

The ma te r i a l s  t h a t  were used fo r  the X248 repairs were Epon 
946 adhesive and Owens-Corning S/81-901 f i n i s h  f ibe rg la s s  c lo th .  The Epon 
946 adhesive was chosen because of i t s  (1) high elongation, (2) low modulu 
(3) room temperature cure,  and (4) compatibil i ty with BUU propellant.  The 
f i b e r g l a s s  c lo th  w a s  chosen f o r  t he  following reasons: (1) easy t o  work 
with i n  a f ie ld- type  r e p a i r  s i t ua t ion ,  (2) a b i l i t y  t o  conform t o  sur faces ,  
(3) a b i l i t y  t o  be c u t  t o  almost any s i z e  o r  shape, ( 4 )  low weight, (5) h i @  
s t rength ,  and (6) low modulus. 

The materials were t e s t e d  t o  determine the  t e n s i l e  s t rength  
of the  S/81-901 g l a s s  c l o t h  and t h e  shear s t rength  of Epon 946. 
s i l e  tests of  t h i s  combination of g l a s s  c lo th  and r e s i n  were completed for 

The ten- 



1-, 2-, 3- ,  and 4-ply patches. A shor t  Type I1 JANAF dogbone w a s  used t o  
evaluate t h e  c lo th  combinations at s t r a i n  rates of 3 in,/min/in. and 300 i r  
min/in. The r e s u l t s  of these tests are shown i n  Tables 3 and 4 .  The most 
c r i t i c a l  condition occurs during the slower loading rate a s  indicated by 
these tab les .  The decrease i n  t e n s i l e  modulus with increasing number of 
p l i e s  i s  due primarily t o  the  g rea t e r  r e s i n  content i n  samples of mult iple  
number of p l i e s .  This addi t iona l  r e s i n  enables the  specimens t o  def2ect 
more, thus reducing the  modulus. A p l o t  of the load-carrying c a p a b i l i t i e s  
versus number of p l i e s  i s  shown i n  Figure 3.  
bond of Epon 946 t o  the  X248 f ibe rg la s s  was determined by a double-lap she; 
test. The shear test  set-up i s  shown i n  Figure 4 ,  These specimens were 
t e s t ed  a t  s t r a i n  r a t e s  of 3 in. /min/in.  and 300 in./min/in. The bond 
length of the  specimens w a s  1.0 in .  The r e s u l t s  of these shear tests are 
presented i n  Tables 5 and 6. 
the  f iberg lass  and the Epon 946. 

The shear s t rength of t he  

I n  a l l  cases the f a i l u r e s  occurred between 

c. Patch Parameters 

The patch design i s  based upon the  "load t o  be t ransferred" b 
the  patch. This load must be ca r r i ed  i n  shear through the  bond l aye r  and 
i n  tension by the  f ibe rg la s s  c lo th .  The number of p l i e s  needed t o  repa i r  
a defec t  i s  dependent upon the  "load t o  be transferred." This load i s  
equal t o  the  load t h a t  would have normally been ca r r i ed  by the  damaged 
f i b e r s  i n  the  defect .  This assumption therefore  accounts f o r  var ia t ions  
of loads ca r r i ed  by layers  with d i f f e r e n t  winding angles. 

To determine the number of p l i e s  needed f o r  the  case of a 
longi tudinal  defec t  completely through the  X248 chamber wal l ,  t he  hoop 
load i s  maximum and i s :  

Load t o  be t ransfer red  = P r  

= 335 p s i  (8.96 in.) 

= 3090 lb / in .  

Th number f p l i e s  needed t o  car ry  t h i s  load i s  four,  assumin 
d i s t r ibu t ion  i s  uniform among the  p l i e s .  
t e n s i l e  s t rength  da ta  shown i n  Table 3. 

This w a s  determined 
the  load 

:om the  

The required bond length normal t o  the  longi tudinal  defect ,  
assuming uniform t r a n s f e r  of t he  load from the  patch back i n t o  the  case,  
i s  as follows: 

- Load t o  be t ransfer red  
Bond shear s t rength  

Bond length - 



From Table 5 the  average bond shear s t rength  i s  1632 1b / ine2  
s t rength i s  used because 'the 3 in./min/in. s t r a i n  rate approximates the  
X248 loading conditions during the progressive por t ion  of the pressure 
versus t i m e  curve 

This  shear 

3090 lb / in .  
1632 lb / in ,2  

Bond length = 

= 1.89 i n .  

To reduce the  p o s s i b i l i t i e s  of shear f a i l u r e  i n  view of a 
ra ther  wide da ta  spread i n  Table 5 ,  a safe ty  f a c t  r of 1 .5  w a s  used t o  
multiply the  calculated bond length,  
the defect  w a s  then 3.0 in .  long. 
ends of the longi tudinal  defect  was a r b i t r a r i l y  es tabl ished a s  1.0 in .  f o r  
a defect  t h a t  was only 0.10 in .  wide. For wider longi tudinal  defects ,  t h i  
shear bond length at  the  end must be increased, By comparing the hoop and 
a x i a l  s t r a i n s  i n  an A6 chamber, a maximum required bond length was deter-  
mined t o  be 2.50 in .  long a t  e i t h e r  end of the  defect .  

The bond length on e i t h e r  s ide  of 
The shear bond length necessary a t  the  

The patch design, shown i n  Figure 5 ,  incorporates successive1 
overlapping p l i e s .  This  overlapping concept was intended t o  minimize the 
peak shear s t r e s s e s  t h a t  were prevalent i n  the Goodyear Repair Program. (2) 
Subsequent stress analyses indicated t h a t  the  overlapping technique would 
eliminate the  peak shear stresses a t  the  outer  edge of the patch, 

U t i l i z i n g  the  previous assumptions, the  s i zes  required fo r  
Figure 6 various p l i e s  f o r  various types of defec ts  can be determined. 

i l l u s t r a t e s  t he  defec t  and r epa i r  measurements. 

Thus, for  ply No.  1: 

Lmjn = 2.0 i n .  + R ( i f  w * 0,lO in , )  

L = 2.0 i n .  + R + 2 w ( i f  0.10 in .  < w * 1.5 in.,) 

hax = 2.0 in .  + 

Wlnin 

W 

+ 3.0 in .  = (5.0 + R) in .  

( i f  R I; 0.10 in.) 

( i f  0.10 in .  < R * 2.0 in.) 

= 2.0 i n .  + w 

= 2.0 i n .  + w + 2 R 

Wmax = 2.0 i n .  + w + 4,O i n .  = (6.0 + w) in .  



The measurements of subsequent p l i e s  a r e  dependent upon those 
of ply No. 1. 

Ln = 2.0 i n .  (n-1) + L1 

W, = 2.0 i n .  (n-1) + W 1  

where n = ply number 

L1 = length of ply 1 

W1 = width of ply 1 

1 = length of defec t  

w = width of defect  

The assumptions of uniform load d i s t r i b u t i o n s  were used as an 
i n i t i a l  guide f o r  r e p a i r  development. Later ana ly t i ca l  evaluations showed 
t h i s  not t o  be the  case and fu ture  repair  work w i l l  take t h i s  i n t o  consid- 
e ra t ion .  

d. Repai r  Procedure 

The procedure f o r  the r e p a i r  of f i be rg la s s  defec ts  i n  the 
cy l ind r i ca l  sec t ion  of the X248 motor has  evolved from the laboratory s m a l  
b o t t l e  and X248 tests t h a t  have been performed during the  program. 
r e p a i r  of a defec t ,  once the  number and s i z e  of the p l i e s  have been deter-  
mined, i s  accomplished as follows: 

The 

To prevent the  patch p l i e s  from unraveling when 
they a r e  cu t  out,  a r e s i n  border i s  placed a t  
t he  boundaries. The ply i s  then cut  t o  a s i ze  
1/2 i n .  l a rge r  than the border dimensions. Warp 
o r  woof f i b e r s  are pul led away up t o  the  r e s i n  
border,  thereby cont ro l l ing  the amount and loca- 
t i o n  of f raying.  

The areas t o  be patched i s  marked o f f  and then 
sanded u n t i l  the  gloss  of the  chamber has been 
removed. 

The sanded area  i s  
chlor ide.  

A coat  of Epon 946 
sanded a reao  

The f i r s t  ply i s  p 
r e s i n  i s  worked up 

then cleaned with methylene 

adhesive i s  appl ied t o  the  

aced over the  defec t  and the 
through the  p ly  

More r e s i n  i s  added; t he  next p ly  i s  placed 
over - ehe - El: re. -p 1 y- eove-~&ng-&e- d&ec-t -and- __ __ - - -~___l___ 



e. 

the r e s in  i s  again worked up through the  ply. 
This  s t e p  i s  repeated f o r  a l l  subsequent p l i e s .  

(7) Upon completion of patching, the patched area 
i s  allowed t o  cure fo r  a minimum of 7 days a t  
room temperature (75 + 5OF). - 

This procedure i s  included i n  t h i s  report  as Appendix B. 

Limitations of Repair Technique 

Some d i f f i c u l t i e s  have been encountered i n  using t h i s  repair  
technique, but these a r e  primarily problems i n  appl ica t ion  of t he  patch, 
and a re  e a s i l y  remedied when the  operator exercises  s u f f i c i e n t  care. For 
example, during r epa i r  of defec ts  i n  t h e  cy l ind r i ca l  sect ion of some X248 
chambers, the  l aye r  of adhesive used t o  bond the  f i r s t  ply t o  the  chamber 
was too th in ;  t h a t  i s ,  not enough adhesive was applied t o  the  chamber befo: 
the f i r s t  ply was placed on it ,  This was remedied qu i t e  eas i ly  by applyin! 
more adhesive i n  subsequent repa i rs .  
the presence of voids i n  the  adhesive. These voids usual ly  occurred i n  thc 
upper p l i e s  of the patch. 
entrapped a i r  i n  the patch. Such voids can be eliminated by more carefu l  
working of the adhesive when subsequent p l i e s  a re  added. 
emphasized t h a t  these two problems can be a r e s u l t  of inexperience o r  negl: 
gence on the pa r t  of the person doing the  repair .  
thoroughly t ra ined  i f  adequate r epa i r  i s  t o  be effected.  

Another d i f f i c u l t y  encountered was 

The voids are primarily the r e s u l t  of leaving 

It should be 

Personnel must be 

Use of the  r epa i r  technique can a l so  be l imited by locat ion of 
I f  the  defect  i s  located i n  areas  near the  doubler, adequate 

Thus, r epa i r  of a 
the  defect .  
area might not be ava i lab le  fo r  the patch appl icat ion.  
defect  located i n  such an area might prove t o  be impracticable.  

The shear s t rength  capabi l i ty  of the  adhesive system i s  limitec 
t o  an average of 1632 p s i .  The patch configuration causes the shear 
s t r e s s e s  on e i t h e r  s ide  of the defect  t o  be a maximum a t  the  defect edge. 
Depending upon the  load t o  be t ransfer red  from the  case t o  the patch, t h i s  
shear s t rength could be exceeded. The X248 work has indicated t h a t  the 
load ca r r i ed  by the  bond system w a s  somewhat less than 3090 lb / in .  t h a t  
was calculated.  This i s  apparent when comparisons-of ac tua l  and theo re t i -  
c a l  s t r a i n s  a r e  made a s  i n  Figures 62 and 63. It appears t h a t  the end 
e f f e c t s  (ice*, t r a n s f e r  of load around the  defect)  a r e  qui te  pronounced i n  
the  X248 chamber even with defec ts  up t o  15.0 inches long. This i s  probab 
due t o  both the  high h e l i c a l  winding angles ( i o e o ,  60°, 45O) i n  the cyl in-  
d r i c a l  sect ion and t h e  s t i f f e n i n g  added t o  the chamber by the patch i n  the  
defected a reao  
hoop load around the defec t  because of t h e i r  hoop loading capab i l i t i e s .  
The s t i f f en ing  of the  e n t i r e  defected area would a l s o  f a c i l i t a t e  a t ransfer ,  

The high winding angle layers  would tend t o  t r ans fe r  the 
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of load around the defect .  Therefore, i f  the theo re t i ca l  ca lcu la t ions  f r o  
the  patch model and t h e  tes t  r e s u l t s  a r e  compared, it appears t h a t  the  bon 
ing  system may not be capable of carrying the u l t imate  load of 3049 lb / in .  
This would a l s o  lead to  the  conclusion t h a t  fo r  chambers with d i f f e r e n t  
winding geometries o r  f o r  chambers where higher loads a r e  t o  be t r ans fe r r e  
e i t h e r  a new adhesive system o r  a new method of shear t r a n s f e r  would be 
required,  even i f  the end e f f e c t s  were s t i l l  considered. 

During the  s t a t i c  t e s t i n g  of repaired defec ts ,  s t r a i n  gage 

This condition occurred during the  l a t te r  port ion of t h e  pres- 
da ta  have indicated a s l i g h t  tendency toward creep loading conditions i n  
the patch. 
sure versus time t race .  However, t h e  magnitude of the  changes i n  s t r a i n s  
f o r  s imi la r  pressures was not s ign i f i can t .  This s i t u a t i o n  therefore  does 
not appear t o  be a problem i n  t h e  X248 motor but could possibly cause prob 
l e m s  i n  motors with much longer burning t i m e s .  

f .  Def in i t ion  of Acceptable Repair 

, An acceptable X248 chamber r epa i r  depends upon use of t he  p r e -  
scribed mater ia l s ,  upon the  use of t he  proper number and s i z e  of p l i e s  as 
determined by the formulae given, and upon carefu l  adherence t o  the  pro- 
cedure described, 

An acceptable repa i r  for  an X248 defec t  i s  fur ther  character-  
, i zed  by a minimum of voids i n  the  patch and an adequate bond layer  thick- 

ness. 
assessed. The ava i lab le  test  r e s u l t s  i nd ica t e  t h a t  i f  voids a re  kept t o  
a minimum, the  motor can be safe ly  f i r e d  a t  normal operating pressures.  
The minimum bond layer  thickness should be a t  l e a s t  0.010 in .  thick.  This 

c value was derived from the  theo re t i ca l  r e s u l t s  because i t  cannot be assess 
j i n  the  present bonding technique. I f  the patching procedure i s  followed 
j precisely and i f  care  i s  taken t o  e l iminate  voids and t o  ensure adequate 
I bond l aye r  thickness,  a l l  repairs would be considered acceptable f o r  norma 
1 operating pressures ,, 

I 
I 3.  Unrepaired Defects 
1 

A t  t he  present  t i m e ,  only the  voids i n  the r epa i r  patch can be 

l 

3 

Unrepaired par t ia l  defec ts  were invest igated i n  the  a f t  dome, for-  
ward dome and cy l ind r i ca l  sect ion of the  X248 rocket motor. The primary 
object ive of i n f l i c t i n g  these par t ia l  defec ts  was t o  e s t ab l i sh  motor f a i l -  
ure  during the  progressive port ion of the  pressure-time trace. When f a i l -  
ure-causing defec ts  were defined, i d e n t i c a l  o r  more severe defec ts  could 
be i n f l i c t e d  on other  motors and then used t o  evaluate the  repair tech- 
nique. f o r  f i be rg la s s  defects .  

1 



Only l imi ted  work was done on f ibe rg la s s  defec ts  i n  the  dome areas 
of the  X248 case., This consis ted of one a f t  dome and two forward dome tes 

I 
I 

The a f t  dome test  motor (NPP-447) had two defec ts  1.0 in .  long x 
0.10 in .  wide, Defect No. 1 being 0.052 in .  deep and Defect No. 2 being 
0.045 in .  deep. These spec i f ied  defec ts  were based upon da ta  found i n  
References 3 and 4 ,  
The a f t  dome w a s  approximately 0.065 in .  t h i ck  i n  the  defected areas .  
motor was s t a t i c a l l y  f i r e d  and a t t a ined  a maximum progressive pressure of 
290 p s i a  without f a i l u r e  occurring i n  the  a reas  of t he  defec ts ,  A v i sua l  
inspect ion of both defec ts  indicated s l i g h t  crazing around the  edges. 
Defect No. 1 had i t s  remaining f i b e r s  severed on one s ide  of the  defect .  
A review of the s t r a i n  gage data  indicated no unusually high s t r a i n s  i n  
the defect  area. Apparently, the  i n t e r n a l  rubber insu la tor  acted much 
l i k e  an i n t e r n a l  patch and helped t o  r e d i s t r i b u t e  the  s t r e s ses  i n  the area 
of the  defec ts ,  
Because of the  contr ibut ion of the  in su la to r ,  fu ture  a f t  dome t e s t s  on X24 
motors were cancelled.  

Burst was expected t o  occur a t  approximately 300 psia  
The 

Figures 7 and 8 are p ic tures  of the  two defected a reas ,  

The f i r s t  forward dome tes t  motor (NPP-455) had defec ts  2.50 i n .  
long x 0.25 i n .  wide, Defect No. 1 being 0,050 i n .  deep and Defect No. 2 
being 0.040 in .  deep. The approximate dome thickness i n  t h i s  a rea  was 
0.070 i n .  The motor was s t a t i c a l l y  f i r e d  and successful ly  withstood a 
progressive maximum pressure of 393 p s i a  without f a i l u r e  r e su l t i ng  at 
e i t h e r  defect.  P ic tures  of the  two defec ts  a r e  shown i n  Figure 9 ,  It i s  
apparent from t h i s  f igure t h a t  a la rge  amount of crazing did occur i n  the 
defected areas;. The magnitude of these two defec ts  indicated overdesign 
of the forward dome. 

The second forward dome test  motor (NPP-454) had a defect  3-0 in .  
long x 0.50 i n .  wide x 0.050 i n .  deep. The progressive maximum pressure 
during s t a t i c  f i r i n g  was 376 p s i a .  No f a i l u r e  occurred i n  the  area of the 
defect.  A high s t r a i n  reading was obtained from one of t he  s t r a i n  gages 
placed ins ide  Defect No.  1. A t  a pressure of 376 ps ia ,  the hoop s t r a i n  
was 1.49%. No other  abnormal o r  high s t r a i n s  were recorded i n  the defect€ 
areas.  There w a s  a lax 
amount of crazing i n  the  defect  area, but no sign of f i b e r  f a i l u r e  was 
present 

Figure 10 i s  a pos t - f i r ing  p ic ture  of t h e  defect .  

With the  completion of t h i s  t es t ,  the o r ig ina l ly  planned forward 
dome defect ing program was suspended because of the complexities of the 
X248 dome. The winding geometry, the spherical  shape, the  overdesign of 
the dome, and the  surface i r r e g u l a r i t i e s  tended t o  prevent the  es tab l i sh-  
ment of accept / re jec t  cri teria f o r  dome defects.  However, the  dome tes ts  
did imdicate t h a t  very subs t an t i a l  de fec t s  could be to l e ra t ed  i n  the domez 
without a f f ec t ing  the  motor performance. 



Two motor tests were used t o  inves t iga te  p a r t i a l  defec ts  i n  the  
cy l ind r i ca l  sect ion of the X248 case. Both tests employed motors containir 
defec ts  2.5 in .  long x 0.10 in .  wide but with varying depths. 

The f i r s t  t e s t  motor, NPP-409, contained Defect No. 1, 0.018 in .  
deep, and Defect No. 2,  0.027 in .  deep, i n  the  0.055-in.-thick cy l ind r i ca l  
section. The motor f a i l e d  a t  a pressure of 281 p s i a  a t  Defect No. 2. Pee: 
back of the  severed f i b e r s  occurred a t  both defects .  This peel-back w a s  
not l imi ted  t o  the  outer  90° winding, but included a l l  t he  cu t  f i be r s .  Thi 
occurrence i s  contrary t o  the  peel-backs reported i n  the l i t e r a t u r e  t h a t  
w a s  surveyed. This peel-back of the  h e l i c a l s  was probably due t o  the  high 
winding angles t h a t  were involved, i . e . ,  60° and 450. 

A review of the  s t r a i n  gage da ta  showed the  highest  s t r a i n s  i n  the  
The maximum recorded s t r a i n  a t  t h i s  a rea  immediately a f t  of Defect No, 2, 

point was 1.95% at  t h e  burs t  pressure of 281 p s i a ,  
located a t  d i s tances  of loo ,  30° and 60° away from Defect No. 2 indicated 
increasing peel-back as the  pressure increased. The gage a t  loo  indicated 
peel-back w a s  occurring before the ign i t i on  maximum pressure w a s  a t ta ined .  
After  about 10.2 seconds of f i r i n g ,  the gage a t  30° indicated t h a t  pee l -  
back was s t a r t i n g  t o  occur. A t  the  time of burs t ,  the  gage had indicated 
t h a t  peel-back had gone beyond 30°. The gage a t  60° s t a r t e d  t o  give a 
small ind ica t ion  of peel-back s t a r t i n g  i n  the  immediate a reas  
the pressure versus s t r a i n  f o r  these three  gages i s  shown i n  Figure 11, 
A plo t  of the hoop s t r a i n  versus pressure along the  cy l ind r i ca l  sect ion a t  
00 i s  shown i n  Figure 12. 
of Defect No. 2 i s  apparent between 251 ps ia  and 281 ps i a  pressures. This 
t e s t  resu l ted  i n  the  determination of the magnitude of a defect t h a t  would 
cause f a i l u r e  during the progressive port ion of the pressure-time trace, 

The s t r a i n  gages 

A p lo t  of 

A rapid change i n  s t r a i n  f o r  the  gage j u s t  a f t  

The second test i n  the  study of par t ia l  defec ts  i n  t h e  cy l ind r i ca l  
sect ion employed motor NPP-257 which contained a defect  2.50 in .  long x 
0.10 in .  wide x 0.015 in .  deep., This defect  was not expected t o  cause a 
motor f a i l u r e .  
s ive  pressure of 380 p s i a .  The unrepaired f iberg lass  defec t  resu l ted  i n  
the delamination of a 2.5-in.-wide band of f iberg lass  i n  both d i rec t ions ,  
c i rcumferent ia l ly ,  from t h e  defect.  This delamination was approximately 
1 2  inches long on one s ide  of the  defect and 6 inches on the  other .  Never 
the less ,  the  case retained i t s  i n t e g r i t y  as a pressure vessel .  A close-up 
of t h i s  defect  i s  shown i n  Figure 13. This  test  demonstrated t h a t  the  X241 
motor case could sus ta in  subs t an t i a l  defec ts  without f a i l i n g  a t  50% higher 
than normal operating pressures,  

During s ta t ic  f i r i n g ,  the  motor obtained a maximum progres 

4. Repaired Defects 

Repaired defec ts  were primarily inves t iga ted  i n  the  cy l ind r i ca l  
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program w a s  conducted t o  demonstrate the  f e a s i b i l i t y  of repair and a i d  i n  
material and technique se lec t ion .  A 6-in. b o t t l e  program was used t o  
inves t iga t e  the  repair of dome de fec t s  because the  X248 proved t o  be unsui 
able  fo r  dome defec t  r e p a i r  evaluation, 
inves t iga t ions  was t o  develop a r e l i a b l e  repair technique f o r  f ibe rg la s s  
defec ts  e 

The primary objec t ive  of these 

a. Preliminary Studies 

The i n i t i a l  i nves t iga t ion  of t he  repair of defec ts  w a s  perform 
This i nves t iga t ion  used f i v e  6-in.-diamete 1 i n  a preliminary b o t t l e  study. 1 Pola r i s  b o t t l e s  and e igh t  3-in0-diameter Picat inny bo t t l e s .  

I 

I The Po la r i s  b o t t l e  study included one cont ro l  b o t t l e ,  two 
defected b o t t l e s ,  and two repaired bo t t l e s .  The t e s t i n g  of these b o t t l e s  
proved t o  be qu i t e  inconclusive.  The r e s u l t s  ind ica ted  t h a t  a f ibe rg la s s  
c lo th  repair could be performed but i t s  c a p a b i l i t i e s  would require  fu r the r  
evaluation. 

The e igh t  Picatinny b o t t l e s  were divided i n t o  two groups 
because of physical  appearances, Each group contained one cont ro l ,  two 
defected,  and one defected and repaired,  These t e s t s  r e su l t ed  i n  the  f i r s  
ind ica t ion  t h a t  f i be rg la s s  c lo th  patches could r e i n s t a t e  the s t rength l o s t  
due t o  i n f l i c t e d  defec ts .  However, the  optimization of patch materials an 
o r i en ta t ion  remained t o  be evaluated i n  fu tu re  t e s t s .  

b. R e p a i r  of Dome Defects 

Dome defec ts  were pr imari ly  inves t iga ted  i n  a subscale 6-in.- 
For t h i s  program, twenty-four 1/8-scale diameter Po la r i s  b o t t l e  program. 

Po la r i s  A3 second-stage chambers were employed. 
i n t o  three  groups. Group I,  the  cont ro l  group, contained s i x  bo t t l e s .  
Group 11, the  defec t  group, contained s i x  bo t t l e s .  Group 111, the  defec t  
and r epa i r  group, contained twelve b o t t l e s .  

These b o t t l e s  were divide 

The b o t t l e s  i n  the  cont ro l  group were hydroburst. The average 
burs t  pressure fo r  the  b o t t l e s  w a s  es tab l i shed  a t  2205 psig.  
of the  tests are shown i n  Table 7. 

The r e s u l t s  

The s i x  b o t t l e s  of Group I1 were defected and hydroburst t o  
t e s t  the reproducib i l i ty  of i n f l i c t e d  defects .  The defec t  was 0.75-in.-- 
long x 0.100-in. wide x 0.015 in .  deep and w a s  located 2.00 i n .  from the  
edge of t he  pole piece. 
than th ree  of the s i x  h e l i c a l  p l i e s  would be severed. 

The depth of the defec t  w a s  such t h a t  not more 
The r e s u l t s  of the 



tests are shown i n  Table 8, Typical f a i l u r e s  were due t o  peel-back of the  
de l ibera te ly  severed fi laments,  followed by a tension f a i l u r e  i n  the  remai 
ing fi laments.  Figure 14 i s  a p ic ture  of a typ ica l  f a i lu re .  The average 
burst  pressure w a s  1715 psig. 

I n  the  s i x  b o t t l e s  t h a t  were defected and repaired i n  Group I1 
the defect  was 0.75 in .  long x 0.10 in .  wide x 0.015 in .  deep and located 
2.00 in .  from the  edge of the  pole piece. The repair materials consisted 
of Owens-Corning S-81 f ibe rg la s s  c lo th  with a 901 f i n i s h  and an Epon 946 
r e s i n  system. These same mater ia l s  have been used t o  repa i r  defec ts  i n  
the cy l ind r i ca l  sect ion.  

The s i x  b o t t l e s  of Group I11 were divided i n t o  two sub-groups. 

The sub-group 2 b o t t l e s  were repa i re  
Sub-group 1 b o t t l e s  were repaired with a two-ply g lass  c lo th  patch. Each 
ply was 3 i n ,  long x 2-114 in .  wide. 
i n  the same manner as  the sub-group 1 b o t t l e s  except t h a t  a t h i r d  ply was 
added. The test  r e s u l t s  of sub- 
groups 1 and 2 a re  shown i n  Tables 9 and 10. 

(See Figure 106 f o r  patch or ientat ion.)  

Post-hydroburst inspect ion of sub-group 1 b o t t l e s  indicated a 
patch f a i l u r e  fo r  only one bo t t l e .  This f a i l u r e  occurred i n  Bot t le  No .  11 
at  a pressure of 2415 psig.  

Post-hydroburst inspect ion of sub-group 2 b o t t l e s  indicated no 

Dome thickness measurements i nd ica t e  t h a t  the  dome walls  of 
patch f a i l u r e s ,  However, t he  burst  pressures of two b o t t l e s  were higher 
than average. 
b o t t l e s  Nos. 25 and 26 were thicker  than the  nominal 0.032 in .  These 
thicker  domes were due t o  a higher number of fi laments i n  the  dome a s  was 
indicated by the  weight of h e l i c a l s  used i n  the  winding of the  bo t t l e s .  
Underside views of successful ly  repaired defec ts  are shown i n  Figures 15 
and 16. Figure 15 shows a two-ply repair, and Figure 16 a three-ply repai 
The l a r g e r  amount of crazing i s  v i s i b l e  i n  the g l a s s  under the  two-ply 
repa i r  

The r e s u l t s  of these tests indicated t h a t  a two-ply patch i s  
capable of res tor ing  the  defected b o t t l e s  back t o  t h e i r  o r ig ina l  burst  
pressures.  The remaining s i x  b o t t l e s  were therefore  defected completely 
through the  domes. 
patch, and the remaining three  with a three-ply patch. These b o t t l e s  were  
hydroburst and the  r e s u l t s  are shown i n  Tables 11 and 1 2 ,  

Three of these b o t t l e s  were repaired with a two-ply 

Fa i lures  of t h e  two-ply patches occurred i n  shear between the 
patch and the  dome. 
was 1385 psig.  

The average burst  pressure f o r  t he  two-ply patch 
For the  three-ply patches, f a i l u r e  occurred i n  shear fo r  

. 
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1 1965 psig.  

b o t t l e s  S/N's  6 and 19 and a tension f a i l u r e  occurred i n  the patch on 
b o t t l e  S/N 22, The average burst  pressure f o r  the three-ply patch was 

Pic tures  of the  shear f a i l u r e  i n  b o t t l e  S/N 19 and the  tension 
f a i l u r e  i n  b o t t l e  S/N 22 are shown i n  Figures 1 7  and 18, respectively., 

The three-ply repair returned the  b o t t l e s  t o  89% of t h e i r  o r i g  
i nal  average burs t  pressure.  The tension f a i l u r e  of t he  three-ply patch a t  

2205 psig i n  b o t t l e  S / N  22 ind ica t e s  t h a t  it may be possible  t o  re turn  t h e  
Group 111 b o t t l e s  back t o  t h e i r  o r ig ina l  burst  pressure with a three-ply 
patch i f  the  shear f a i l u r e  problem can be overcome. 

The only dome defect  r epa i r s  evaluated on X248 motors involved 
the repa i r  of holes.  Two 3/8*in.-diameter holes were d r i l l e d  completely 
through the  forward dome of the  X248  motors NPP-454 and NPP-242. 
holes were repaired with a three-ply S/81-901 f ibe rg la s s  c lo th ,  Epon 946 
patch. These tests were pa r t  of an evaluat ion of other  chamber defects ,  
The progressive maximum pressures during s t a t i c  f i r i n g  were 376 ps i a  and 
390 psia .  No f a i l u r e  occurred because of these defects.  Pos t - f i r ing  
p ic tures  of NPP-454 a re  shown i n  Figure 10. These tests demonstrated tha t  
holes i n  the forward dome could be d r i l l e d  and repaired successfully.  

These 

c .  Cyl indrical  Defects 

Nine X248 rocket motors were used t o  inves t iga te  the  repair of 
defec ts - in  the  cy l ind r i ca l  sec t ion  of the  motor. These nine tests include 
var ia t ions  of defect  depth, o r ien ta t ion ,  s i z e  and the  number of p l i e s  of 
f iberg lass  c l o t h  i n  the  r epa i r  patches. The f i r s t  test  was used t o  invest  
gate the  r epa i r  of a p a r t i a l  penetrat ion longi tudinal  defec t ,  The next f i  
t e s t s  were used t o  inves t iga te  completely penetrat ing longi tudinal  defects 
with va r i a t ions  i n  length,  width, and the  number of p l i e s  i n  the  f iberg las  
c lo th  r epa i r  patches. The seventh test was used t o  evaluate circumferenti 
defec ts  with a va r i a t ion  i n  the  number of p l i e s  i n  the  r epa i r  patches. Th 
f i n a l  two tests were used t o  evaluate combinations of longi tudinal  and 
circumferent ia l  defec ts  

The f i r s t  t e s t  (NPP-257) was of a motor containing a 2,50 in .  
long x 0.10 i n ,  wide x 0.034 in .  deep longi tudinal  defec t  repaired with a 
three-ply S/81-901 f ibe rg la s s  c lo th  patch., This defec t  w a s  approximately 
60% through the  chamber wall. 
The maximum progressive pressure w a s  380 psia .  
removed from the  chamber and then sectioned. 
photomicrographs of a cross  sec t ion  of t he  defect .  
crazing i n  the  remaining uncut fi laments i s  apparent on the  ac tua l  cross- 

t he  f i b e r s  were loaded beyond t h e i r  capab i l i t i e s .  Because the remaining 
uncut f i b e r s  were 290 h e l i c a l s ,  most of the  hoop load w a s  ca r r i ed  by the 

i 
' The motor was s t a t i c a l l y  f i r e d  successfully 

This  repaired defect  was 

.i Figures 19, 20 and 21 are 
A l a rge  amount of resi 

4 This crazing ind ica tes  t h a t r  

1 

~- - __I "I_ _I - ___I - l____l__ll lll_ ll"_-- -.----".A 

1 sect ion but does not show up i n  the  pictures .  
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This value is  much lower than 

i sures  i s  shown i n  Figure 22. The maximum s t r a i n  of 2.02% a t  380 ps i a  was 
I found a t  the center of t h e  repairdd defec t .  1 t he  allowable s t r a i n  determined from t h e  t e n s i l e  t e s t i n g  of t h ree  layers  1 of f i b e r g l a s s  c lo th .  

1 
For t he  f i r s t  test  of a motor containing a repa i red  completely 

pene t ra t ing  longi tudina l  defec t  (NPP-261), it was decided t o  r e p a i r  two 
2.50 in .  long x 0.10 i n .  wide defec ts .  These two defec ts  were repaired 
with four-ply f i b e r g l a s s  c l o t h  patches. This motor was s t a t i c a l l y  f i r e d  
t o  a maximum progressive pressure of 356 ps i a .  A pos t - f i r i ng  examination 
of t he  defected a reas  ind ica ted  a successful r e p a i r  of t he  two defec ts .  A 
p l o t  of the  s t r a i n  versus pressure a t  0" along the  c y l i n d r i c a l  s ec t ion  i s  
shown i n  Figure 23. An extrapolated curve of expected normal s t r a i n s  along 
an A5 case f o r  355 ps i a  i s  a l s o  included i n  the f i g u r e .  The maximum s t r a i r  
i n  the  center  of t he  patches were 1.02% a t  355 ps i a .  This value i s  q u i t e  
low because of t he  four-ply patch used i n  the  r e p a i r .  Figures 24, 25, and 
26 a r e  photomicrographs of t he  defec t  area.  
r e s i n  crazing of the  case  o r  any bond f a i l u r e .  This test  gave the  f i r s t  i r  
d i ca t ion  of t he  c a p a b i l i t i e s  of t h e  patch. The tes t  demonstrated t h a t  very 
ser ious  de fec t s  could be repa i red  without compromising motor performance. 

These p i c tu re s  ind ica t e  no 

The success of t h i s  tes t  ind ica ted  t h a t  longer defec ts  could 
possibly be repa i red  with a four-ply patch. Increasing the  defec t  length 
and successfu l ly  r epa i r ing  it would a l s o  give an idea of t he  e f f e c t s  of 
defec t  changes on the  patch s t r a i n  d i s t r i b u t i o n .  

An a x i a l  defec t  7.50 i n .  long x 0.10 i n ,  wide was machined com- 
p l e t e l y  through the  case of the  t h i r d  motor (NPP-242) and repa i red .  I n  the 
s t a t i c  f i r i n g  of t he  motor, performance was s a t i s f a c t o r y  f o r  13.5 seconds, 
a t  which time the  case ruptured i n  t h e  a f t  dome a t  a pressure of 390 ps i a .  
The tes t  was considered a success s ince  one of the  prime objec t ives  of t h i s  
program was t o  develop a r e p a i r  technique t h a t  w i l l  withstand 350 ps i a .  
Examination of t he  motor a f t e r  f i r i n g  indicated t h a t  t he  rupture  was not 
associated with the  defec t  or i t s  r e p a i r .  A p l o t  of t he  hoop s t r a i n  versus 
pressure along the  c y l i n d r i c a l  sec t ion  is  shown i n  Figure 27. The maximum 
patch s t r a i n  a t  390 ps i a  was 1.83% and was located a t  the  midpoint of the 
defec t .  Figure 28 i s  a pos t - f i r i ng  p i c tu re  of t he  a f t  end f a i l u r e .  

Comparisons of the  s t r a i n  da ta  f o r  2.5-hn.- and 7.5-in.-long 
The defec ts  with four-ply r e p a i r s  a r e  i l l u s t r a t e d  i n  Figures 29 and 30. 

maximum s t r a i n  values a r e  approximately 0.25% higher f o r  t he  7.5-in.-long 
defec t .  The p l o t s  a l s o  ind ica t e  t h a t  a s  t he  defec t  lengthens, the  patches 
tend t o  be more highly s t r a ined .  
g rea t e r  load and a r e  less af fec ted  by the  end cons t r a in t s .  The d i f fe rence  
i n  the  s t r a i n  values f o r  t he  two 2.50-in.-long defec ts  i n  Figure 29 i s  due 

This means t h a t  they a r e  car ry ing  a 



t o  t h e  propel lant  i n  the  forward port ion and i t s  e f f e c t  on the  case s t ra ins  
during f i r i n g .  

The successful  repair of a 7.5-in.-long defect  indicated t h a t  
t he  optimum number of p l i e s  required f o r  t he  r epa i r  of such a defect  might 
be no more than three.  
cy l ind r i ca l  sec t ion  of motor NPP-475 and then repaired with a three-ply 
f iberg lass  c lo th  patch. The motor, when s t a t i c a l l y  f i r e d ,  f a i l e d  a f t e r  
26.5 seconds of burning a t  a pressure of 340 p s i a .  The maximum progressive 
pressure w a s  351 p s i a ,  The maximum hoop s t r a i n  on the  patch occurred a t  
the center  of the  defect  and was equal t o  2.68% a t  the  progressive maximum 
pressure. 
over the  defec t  i s  shown i n  Figure 31. 

Therefore, a s imi la r  defect  was i n f l i c t e d  i n  the  

A p l o t  of t h e  hoop s t r a i n  versus pressure f o r  t h e  s t r a i n  gages 

This motor f a i l e d  i n  shear between the patch and the  parent 
case because the  bond layer  between the  f i r s t  c lo th  ply and the motor case 
wall  was too th in .  
employed i n  applying the c lo th  p l i e s  i n  a de l ibera te  e f f o r t  t o  minimize 
patch thickness.  These r e s u l t s  indicated t h a t  the  amount of r e s i n  o r ig i -  
na l ly  placed on the  chamber was i n s u f f i c i e n t  t o  compensate fo r  t he  amount 
absorbed i n t o  the f i r s t  ply of t he  repa i r  patch. 
t he  amount of r e s i n  i n  the  bond layer .  
defect  a r e  shown i n  Figures 32A and 32B. 
thickness i s  indicated by t h i s  f igure ,  
previous successful  ones indicated t h a t  t he re  w a s  not as much r e s i n  i n  the 
patch t h a t  f a i l e d  i n  shear. 

This  t h i n  bond l aye r  was a t t r i b u t e d  t o  the  method 

This  deplet ion reduced 
Top and underside views of the  

The area  of lower bond layer  
A comparison of t h i s  patch t o  the 

Figure 33 i s  a sequence of s i x  motion i c t u r e  frames of the  
repaired defec t ,  The frames are a t  i n t e r v a l s  of 1 f l O O O  sec,  These 
p ic tures  c l e a r l y  demonstrate the f a i l u r e  and support the shear f a i l u r e  
theory, 
the patch a t  the  end of the second ply. 
second ply indicated tha t  a shear f a i l u r e  had occurred, 
could not be ca r r i ed  by the last  ply,  i t  to re  a t  i t s  weakest point. 

Frame 2 shows the  f i r s t  s igns of f a i l u r e  with the tear ing  of 
This f a i l u r e  a t  the end of the 

Because the  load ’ 

Comparisons of the s t r a i n  data  fo r  three-  and four-ply repa i rs  
These two f igures  of 7.5-in. -long defects  are shown i n  Figures 34 and 35. 

c l e a r l y  demonstrate t h a t  t he  load ca r r i ed  i n  the outermost ply of the 
three-ply patch i s  much grea te r  than the load ca r r i ed  i n  the outermost 
ply of a four-ply patch. 
i n  the three-ply patch, one less ply i s  ava i lab le  t o  car ry  the load. 

This difference is a t t r i b u t e d  t o  the  f a c t  t h a t  

7 
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The r e s u l t s  obtained from the 2.50 in .  long and 7.5 in .  long 
defects  i n  the preceding motors indicated t h a t  the load c a r r i e d  by the 
patch w a s  a t  a m a x i m u m  a t  the center .  It is believed t h a t  a defec t  of a 
c e r t a i n  length w i l l  c a r ry  the load more evenly along the patch. 
o f  NPP-425 was thus an  attempt t o  simulate t h i s  s i t u a t i o n  which is referrel  
t o  as an  i n f i n i t e  length defect .  The motor had a defect  15.0 in .  long x 
0.10 i n .  wide. The defec t  w a s  repaired with a four-ply patch. 

The test 

The motor, when s t a t i c a l l y  f i r e d ,  r e s u l t e d  i n  a f a i l u r e  a f t e r  
The patch 12.5 seconds of burning a t  a progressive pressure of 351 psia .  

f a i l u r e  was a shear  f a i l u r e  between the f i r s t  ply and the  f iberg lass  
chamber r a t h e r  than a t e n s i l e  f a i l u r e  of the patch. This f a i l u r e  once 
again indicated t h a t  there  was not enough r e s i n  i n  the bond layer.  A 
comparison of  t h i s  patch t o  previous successful  patches showed the f a i l e d  
patch t o  conta in  less resin.  Review of the motion p ic ture  frames before 
the f a i l u r e  ind ica tes  t h a t  the patch f a i l u r e  occurred much the same as 
the f a i l u r e  of the previous test. Figures 36A and 36B a r e  p ic tures  of 
the patch. The tear of the patch i s  not located d i r e c t l y  over the defect .  
The lack of r e s i n  i s  apparent i n  the underside view of the patch. 

Most of the s t r a i n  gages malfunctioned during motor ign i t ion .  
The fragmentary s t r a i n  data  obtained ind ica t e  t h a t  the maximum s t r a i n  a t  
the center  of the defect  was 1.86% a t  351 psia.  This s t r a i n  was much 
lower than the  s t r a i n  measured i n  the previous t e s t  a t  burst .  However, 
the same load had t o  be t ransfer red  from the chamber t o  the patch and 
then back t o  the chamber. Motors NPP;425 and NP-P-475 had been repaired 
concurrently using the same technique d i rec ted  toward minimizing patch 
thickness. Both f a i l e d  a t  the bond i n  shear. The technique w a s  modified 
t o  assure  grea te r  bond thickness on a l l  subsequent r epa i r s  and no fur ther  
shear f a i l u r e s  occurred. 

The f i n a l  longi tudinal  defect  test was  an inves t iga t ion  of an  
increase i n  defect  width ra ther  than length.  
i n t o  the cy l ind r i ca l  s ec t ion  of an X248 motor, Y-195. Two defects  were 
2.50 in .  long and two w e r e  7.50 in .  long. The 2.50-in. -long defects  were 
0.4 in. and 0.8 in .  wide. The 7.50-in.-long defec ts  were 0.4 i n .  and 
0.2 in .  wide. A l l  the  defects  were repaired with four-ply patches. 
X-ray inspect ion of these patches ind ica ted  small voids i n  the  2.50 in .  
long x 0.8 in .  wide and i n  the 7.5 in ,  long x 0.2 in .  wide defects.  

Four defects  were machined ’ 

The s t a t i c  f i r i n g  resu l ted  i n  a f a i l u r e  of the patch a t  the i 1 7.5 in.  long x 0.2 in .  wide defect. Due t o  a malfunction i n  the recording 
/ system a t  igrii t ion,  a l l  tape data  and approximately the f i r s t  t en  seconds 
! of v is icorder  records were l o s t .  

(taken from the  v is icorder  t races)  w a s  between 385 t o  390 psia.  
The approximate pressure a t  burs t  



An examination of the  a v a i l q l e  v is icorder  data  indicated t h a t  
the f a i l u r e  began i n  an  area forward of  the defect  cen ter .  The s t r a i n  
values were abrupt ly  changing before the f a i l u r e ,  ind ica t ing  possible  
f a i l u r e  of f i b e r s  i n  lower p l i e s .  

Figures 3 7  through 40 are p ic tures  of the defect  r epa i r  and 
motor f a i l u r e .  
patch f a i l e d  d i r e c t l y  over the defect.  
ou te r  90° l aye r  of chamber g lass  w a s  s t i l l  bonded t o  the chamber, 
ind ica t ing  t h a t  the patch adhered t o  the chamber. The i n i t i a l  f a i l u r e  
was thus i n  the patch i t s e l f ,  

A pos t - f i r ing  inspec t ion  of the r e p a i r  showed that the 
As Figure 40 emphasizes, the 

Comparisons between the s t r a i n s  for  2.50-in. -long defects  
Data f o r  the 0.8-in.-wide with varying width are shown i n  Figure 41. 

defect  ind ica tes  tha t  s t r a i n  increases  with increasing width. However, 
the 0.4-in.-wide defect  does not suppart  t h i s ,  This may be due t o  a 
lower stress l eve l  i n  A10 chamber than i n  the  A5. Also, the defects  i n  
the Y-195 chamber a re  1.5-in. closer t o  the doubler. 

Figures 42 through 45 are p lo t s  of the s t r a i n  vs. pressure 
for  the four defec ts  i n  the chamber. The rapid changes i n  the s t r a i n  are 
evident on the 7.50-in. -long x 0.20-in. -wide defect ,  ind ica t ing  a 
f a i l u r e  w a s  occurring somewhere wi th in  the  patch. No comparison w a s  made 
between the  7,50-in,-long defec ts  due t o  the lack of data points  and the 
f a i l u r e  of t he  one defect.  

This series of f i v e  tests t o  inves t iga te  r epa i r  of longitudina 
defec ts  has r e su l t ed  i n  the development of  a repair technique which can 
be successful ly  used t o  r epa i r  severe defec ts ,  A l l  motors tes ted ,  even 
those r e s u l t i n g  i n  f a i l u r e s ,  were operat ing a t  pressures well above the  
normal operat ing pressure of the x248 rocket motor. Therefore, the \ 

patching technique can be used, even when shear  problems are encountered, 
t o  r epa i r  defects  t h a t  w i l l  undergo only normal operat ing pressures.  

I n  the cy l ind r i ca l  s ec t ion  of  the X248 chamber, the hoop 
loading i s  twice as high as the a x i a l  loading. Therefore, longi tudinal  
defects  are more c r i t i c a l  t o  the s t r u c t u r a l  i n t e g r i t y  of the motor case. 
A test was designed t o  demonstrate the f e a s i b i l i t y  of  repa i r ing  circum- 
f e r e n t i a l  defec ts  i n  the X248 cy l ind r i ca l  sect ion.  Two circumferent ia l  
defects  7.5 in .  long x 0 , l  in .  wide and completely through the chamber 
w e r e  machined i n t o  the  cy l ind r i ca l  s ec t ion  of motor NPP-445, One defect  
was repaired with a four-ply patch and the o ther  with a three-ply patch. 
The motor was  successful ly  s t a t i c a l l y  f i r e d  t o  a maximum progressive 
pressure of 369 psia ,  
i n  the two defects  a t  maximum pressure. A s  expected, the s t r a i n s  on the 

Figure 46 is  a comparison of the a x i a l  strains 



three-ply r epa i r  are higher than on the four-ply r epa i r ,  but the three-ply 
patch provides an adequate r e p a i r  f o r  a 7.5-im-long circumferent ia l  
defect. However, the v a l i d i t y  of the reading of gage S-IO is questioned. 
A higher reading on gage S-10 would produce a pa t t e rn  similar t o  tha t  o f  
Defect No, 2, It therefore  appears that gage S-IO was r eg i s t e r ing  an  
abnormal condi t ion which cannot be i d e n t i f i e d  a t  t h i s  t i m e .  This 
successful  f i r i n g  demonstrated the capab i l i t y  of repa i r ing  a 7.5-in.-long, 
c i rcumferent ia l ly  or ien ted  gouge, as described above , to  withstand the 
patch design cri teria of  350 ps ia  f i r i n g  pressure. 

The successful  demonstration of r epa i r s  fo r  both longi tudinal  
and circumferent ia l  defec ts  indicated t h a t  eventual ly  a square sec t ion  
of a motor chamber might be removed and repaired s ince  t h i s  configuration 
would represent  combined longi tudinal  and circumferent ia l  defects  which 
completely penetrated the chamber. I n  the f i r s t  o f  the two tests i n  t h i s  
inves t iga t ion ,  two r i g h t  angles were machined i n t o  the chamber of motor 
NPP-453. Defect No. 1 had circumferent ia l  and longi tudinal  legs  7.5 in .  
long x 0.1 in .  wide, and Defect No. 2 had legs  5.3 in.  long x 0.1 in .  wide 
Both defects  were repaired with four-ply patches. The s ta t ic  f i r i n g  of 
the motor resu l ted  i n  f a i l u r e  a t  Defect No, 2 a f t e r  16-5 seconds of f i r i n g  
The pressure a t  f a i l u r e  was 348 psia.  The f a i l u r e  of the patch was i n  
tension d i r e c t l y  over the defect.  P lo ts  of s t r a i n  versus pressure are 
shown i n  Figures 47 and 48 f o r  the two defects .  The circumferent ia l  
defects  are a t  the r i g h t  hand edges of the defects  t h a t  are depicted i n  
the f igures .  The s t r a i n  pa t te rn  i n  Figure 48 demonstrates the e f f e c t s  
of the voids i n  the patch on the s t r a i n  readings. The s t r a i n  values f o r  
the 5.3 in .  defec t  are much higher than the  s t r a i n  f o r  the 7.5 in ,  defect ,  
The s t r a i n  pa t t e rn  a l s o  shows s igns  of f i b e r  f a i l u r e s  i n  the lower p l ies .  
These f a i l u r e s  are evident when the d i f fe rence  i n  s t r a i n  is compared t o  
the difference i n  pressure. The s t r a i n  pa t t e rn  i n  Figure 47 shows the  
maximum s t r a i n  to  be approximately 1.3%. I n  the area of the circumfer- 
e n t i a l  defect ,  the s t r a i n s  a r e  reduced by the c l o t h  reinforcement t o  
the r i g h t  of the defect .  The magnitude of  the a x i a l  s t r a i n s  on these 
circumferent ia l  legs  i s  qui te  small. These s t r a i n s  are p lo t t ed  i n  
Figures 49 and 50. A pic ture  of the f a i l u r e  i s  shown i n  Figure 51. 

X-rays o f  the r epa i r s  o f  these two defec ts  ind ica ted  numerous 
voids i n  both of the patches,  but the Defect No, 2 r e p a i r  patch has many 
more than Defect No. 1. The voids,  located mainly between the various 
f ibe rg la s s  c l o t h  p l i e s ,  resu l ted  when the patching procedure w a s  changed 
i n  an  attempt t o  e l iminate  the shear  f a i l u r e s  between the patch and the 
chamber w a l l  experienced on NPP-475 and NPP-425. The change (applying 
r e s i n  to  the g lass  c l o t h  p l i e s  before put t ing  them on the chamber r a the r  
than applying the  c l o t h  patches dry and bleeding the r e s i n  through) was 
intended t o  increase the  r e s i n  thickness between the chamber and the 
f i r s t  p ly  of  the  patch, The r e s i n  thickness was increased, but  voids 
occurred between p l i e s  of the patch, so  t h a t  the load w a s  not c a r r i e d  
by a l l  of the p l i e s  i n  the patch. 



I n  the second test of combination defec ts ,  two squares were 
machined i n t o  the  cy l ind r i ca l  s ec t ion  of the  X248 motor NPP-463. 
square had 7.5-in, s i d e s  and the  o ther  had 5.3-in. s ides ,  Both defects  
were repaired with five-ply g lass  c lo th  patches, The f i v e  p 
used t o  ensure the success of the f i r i n g  because no informat 
ava i lab le  on such la rge  area defects .  
were not removed from the case s ince  t h i s  removal might have caused a 
case bond separation. 
voids i n  both patches, The voids were a l l  l e s s  than 1.0 in , - long and 
were located mainly i n  the p l i e s  above the defected square areas, 
motor was  successfu l ly  f i r e d  a t  a maximum progressive pressure of 388 ps ia  

One 

The square pieces of f ibe rg la s s  

The X-ray inspect ion indicated a small number of 

The 

Figures 52 and 53 present the  s t r a i n s  reg is te red  by the gages 
a t  the maximum pressure of 388 ps ia  f o r  the two .square defects .  
s t r a i n s  do not appear t o  be high i n  any area. The lower s t r a i n s  a t  the 
center  are due t o  the added s t i f f n e s s  of the f ibe rg la s s  plate beneath 
the patch. A s  was expected, a x i a l  s t r a i n s  were qu i t e  low. 

The 

Tables 13 and 14 show comparisons of strains on Defect Nos. 
1 and 2 f o r  s imilar  pressures during the f i r i ng .  The tab les  demonstrate 
t h a t  t he  s t r a i n s  a re  higher i n  most cases during the regress ive  por t ion  
of the pressure vs. t i m e  curve, I n  Table 13, the hoop gages a t  the  
centers  of the longi tudinal  defects  show the most increase i n  s t r a i n .  
This increase may be p a r t i a l l y  due t o  v i scoe la s t i c  e f f e c t s  within the 
patch and t o  the change i n  g ra in  configurat ion as the f i r i n g  progresses. 

The success of t h i s  t e s t  has indicated t h a t  the patching 
technique can be used t o  successfu l ly  r epa i r  almost any defec t  t h a t  
might occur i n  the cy l ind r i ca l  s ec t ion  o f  the X248 rocket motor. 

5. Analytical  Study 

An a n a l y t i c a l  s tudy w a s  performed t o  inves t iga t e  the e f f e c t s  of 
var ia t ions  i n  parameters on the stress d i s t r ibu t ions  within the r epa i r  
patch. The Hercules F i n i t e  Element Computer Program w a s  used t o  perform 
a stress ana lys i s  of an  idea l ized  model of  the ac tua l  longi tudinal  defects  
and r epa i r s  t h a t  were present  i n  the X248 motor tests. The model, shown 
i n  Figure 54, is  a cross-sect ion of  a longi tudinal  (i,e.,  axial) defect  
and the r epa i r  patch. The model comprises the ind iv idua l  p l i e s  of 
f iberg lass  c lo th ,  the  bond layer  between p l i e s ,  a defec t  which i s  
completely through the X248 chamber w a l l ,  the  individual  layers  of 
f i be rg la s s  i n  the chamber w a l l ,  and measurements t o  ind ica t e  the s i z e  
of  the  elements. Because a repaired defec t  i s  symmetrical, only one-half 
o f  the  defec t  and r epa i r  had t o  be modeled. 



motors. Comparisons between the e igh t  co 

The s t r e s s e s  are not uniformly d i s t r ibu ted  among 
the  various p l i e s  i n  the  r epa i r  patch. The f i r s t  
p ly  carries the  highest  load (see Figure 55). 

The load is  t ransfer red  from the  patch back i n t o  
the f iberg lass  chamber within a shor t  dis tance 
(see Figure 55). 

The bond layer  stresses are highest  a t  the edge 
of the  defec t  and then drop off  very sharply 
(see Figure 56). 

As the  defects  become wider, the t e n s i l e  load 
tends t o  become more evenly d i s t r ibu ted  among 
the p l i e s  (see Figure 57). 

The stresses i n  the ou te r  ply of  a patch used 
on the  A6 motor case are about 10% less than 
those f o r  an A5 motor case (see Figure 58). 

The bond layer  shear s t r e s s e s  are dependent 
upon the thickness of  the  layer ,  By increasing 
the layer  thickness from 0.007 in .  t o  
0.0105 i n . ,  the  shear stress i s  decreased by 
16% (see Figure 59). 

The add i t ion  of a plane s t r a i n  constant  w i l l  
increase the stresses i n  the f i r s t  p ly  by 
about 9% (see Figure 60). 

A 1.0-in.-wide void between the f i r s t  and 
second p l i e s  of the patch w i l l  increase the 
stresses by a a t e l y  35% i n  the  f i r s t  
p ly  (see Figu 

These r e s u l t  re not d i r e c t l y  appl icable  to the angular o r  
re defects .  The s cannot be analyzed because of the  

e computer program, The tendencies 
lusions are appl icable  t o  c i rcumferent ia l  defects.  
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However, the  magnitudes would be much lower because of the difference i n  
loading conditions,  This type defect  w a s  not analyzed because extensive 
modification of the ana ly t i ca l  model would have been required and because 
t h i s  type of  defect w a s  not considered t o  be c r i t i c a l .  

S t r a i n  gage data  have been obtained from a l l  the X248 motor tests. 
These measured s t r a i n  values can be compared t o  the strains tha t  were 
predicted by the a n a l y t i c a l  model, 

For a 0.10-in. -wide defect  i n  an  A5 chamber repaired with a 
three-ply patch, the predicted s t r a i n  i s  approximately 4.9% a t  350 ps i a  
on the  outermost ply. Data from the s t a t i c  f i r i n g  of NPP-257-A5 and 
NPP-475-A6 ind ica t e  s t r a i n s  of  approximately 1.7% and 2.70% f o r  350 psia.  
Figure 62 presents  these comparisons i n  l i g h t  of  the  10% correc t ion  
between the A5 and A6 chambers. This f igure  demonstrates t h a t  there  are 
end e f f e c t s  i n  the  ac tua l  t e s t s  which are not considered i n  the ana ly t i ca l  
model. However, the  increase i n  s t r a i n  with increasing defect  length does 
ind ica te  lessening of the end e f f e c t s  i n  the mid length region of the 
defect. The s lope of the extrapolated l i n e s  seems t o  ind ica t e  tha t  the 
predicted s t r a i n  should be reached a t  a n  ac tua l  defect  length of 
approximately 15.0 inches. 

For a 0.10-in.-wide defect  i n  an  A6 chamber, repaired with a 
four-ply patch, the predicted s t r a i n  i s  approximately 3.6% a t  350 ps ia  
on the outermost ply, Data from the  s t a t i c  f i r i n g  of NPP-261-A5, 
NPP-242-A5, and NPP-425-A6 ind ica t e  s t r a i n s  of approximately 1.0%, 1.4%, 
and 1.8% f o r  350 psia.  Figure 63 presents  these comparisons i n  l i g h t  
of a 10% correc t ion  f ac to r  between the A5 and A6 chambers, This f igure 
shows even more pronounced end e f f e c t s  than appeared i n  Figure 64. This 
i s  probably due t o  the  s t i f f e n i n g  of the  whole area by the added fourth 
ply. Once again there  i s  an  increase i n  s t r a i n  f o r  an  increase i n  defect 
length. However, the s lope of the  extrapolated l i n e s  ind ica tes  t h a t  the , 
ac tua l  defect  would have t o  be 30 inches long before the theo re t i ca l  
and ac tua l  s t r a i n s  would be equal. 

The s t a t i c  f i r i n g  of Motor Y-195-AlO produced a l imi ted  amount of 
data  on the e f f e c t s  of defect  width on patch s t r a i n s .  
shown i n  Figure 64 with the  predicted s t r a i n s  for  0.2-in. and 0.5-in.-wide 
defects ,  The data  ind ica t e  more pronounced changes i n  s t r a i n s  f o r  the 
2,5-in.-long defects  than f o r  the  7.5-in. -long defects .  Comparison of 
Figures 63 and 64 shows l i t t l e  change f o r  7.5-in.-long defects  but does 
show change f o r  the 2.5-in.-long defects  a t  widths of  0.4 in .  t o  0.8 in.  
Thus the length-to-width r a t i o  of a defec t  apparently has some e f f e c t  on 
s t r a i n .  It is  noted t h a t  s t r a i n s  are observed on gages over the defect  
cen te r l ine  on the  outermost ply, S t r a i n  i n  the f i r s t  ply a t  the defec t  
cen ter  i s  believed to  be the maximum. Although observed s t ra in  appears 

These data  are 

Ix ~ I _-___ --I_ I __--__-___ ~- -~ 



_."" 

t o  relate higher s t r a i n  to  wider defec ts ,  t h i s  may be due la rge ly  t o  
improvement i n  load d i s t r i b u t i o n  among the p l i e s ,  
and shear  s t r e s s  i n  the bond may ac tua l ly  be l e s s  with a wider defect  
than a narrow one. 

The f i r s t  ply s t r a i n  

I n  conclusion, the a n a l y t i c a l  model is conservative i n  i ts  
est imate  of the s t r a i n s  on the outermost p ly  of t he  patch. 
conservatism i s  due mainly t o  the l imi ta t ions  of the  computer program, 
The e f f e c t s  of the severed fi laments which are an  i n t e g r a l  p a r t  of the 
chamber, the added s t i f f e n i n g  of the  chamber due t o  the patch, and the 
f i n i t e  defect  length cannot be accounted fo r  i n  the ana lys i s ,  The 
prec is ion  of the s t r a i n  measurements and the reproducib i l i ty  of a r epa i r  
patch can a l s o  reduce the p o s s i b i l i t i e s  of accurate  comparisons. The 
patch ana lys i s  can therefore  be used only as a conservative estimate of 
the magnitudes of s t r a i n  d i s t r ibu t ions  within a patch f o r  the various 
conditions tha t  were analyzed. 

This 

6. Evaluation of Experimental Data 

S t r a i n  gage data  were obtained from a l l  of the  X248 s t a t i c  
f i r i n g s  and appear t o  be qu i t e  cons is ten t .  The data  points  t o  the 
exis tence of possible  test  var iables .  Figures 65 and 66 a r e  p lo t s  of 
hoop and a x i a l  s t r a i n s  versus pressure f o r  the A5 and A6 chambers. 
These p lo t s  show v a r i a b i l i t y  wi th in  chambers of similar design fo r  both 
the hoop and axial  s t r a i n s .  However, when the age of the motors, 
pr imit ive winding technology, and possible  manufacturing var iab les  are 
considered, the data  spread does not seem t o  be very subs tan t ia l .  The 
only problem arises i n  making absolute  comparisons between chambers of 
d i f f e r e n t  models. The comparison between data  f o r  motors of similar 
design must always consider the above var iab les  before making 
genera 1 i za ti o ns co nc e r n i  ng the da ta  . 

, 
C. CASE BOND SEPARATION 

1. Technical Approach 

The X248 rocket motor i t i l i z e d  i n  t h i s  program is a case-bonded 
u n i t  containing BUU double-base propel lant .  
protected by a rubber in su la to r  i n  the a f t  s ec t ion  which is  exposed t o  
burning propel lant  and hot  moving gases during f i r i n g .  The case bond i s  
obtained by bonding ce l lu lose  acetate (CA) c l o t h  t o  the i n t e r i o r  case 
surface with epoxy adhesives. The CA c l o t h  is  then coated with a layer  
o f  case bonding lacquer CBL-4 t o  ensure t h a t  the adhesives bonding the 
CA c l o t h  i n t o  the case do not completely penetrate  the c lo th ,  thereby 
precluding a bond between the CA and propel lant .  
loaded i n t o  the case, and cas t ing  solvent  i s  added. The in t e rac t ion  of 
solvent  and powder t o  form propel lant  a l s o  c rea tes  a bond between the CA 

The f ibe rg la s s  case i s  

Casting powder i s  

1.. 
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c l o t h  and/or CBL-4 and the propellant.  
i n  a cross-sect ion of the forward and a f t  ends of the  motor are 
i l l u s t r a t e d  i n  Figure 67. 

The d i f f e r e n t  mater ia l s  present 

I n  some X248 motors, however, areas of case bond separa t ion  have 
been found. The loca t ion  of such case bond f a i l u r e  i n  X248 motors i s  
usual ly  between the propel lant  and CBL-4, wi thin the CBL-4 adhesive, o r  
between the CBL-4 and the CA cloth.  
between the CA c l o t h  and A2 adhesive o r  winding r e s in ,  o r  between the A2 
adhesive and rubber insu la tor .  
does not i d e n t i f y  the f a i l u r e  mode o r  combination of  f a i l u r e  modes, the 
case bond separa t ion  detected by X-ray could be any one o r  a combination 
of these modes. Therefore, any r epa i r  material u t i l i z e d  i n  X248 motors 
f o r  purposes o ther  than space f i l l i n g  must be compatible with and bond 
t o  the materials shown on Figure 67, 

Case bond separa t ion  could a l so  occur 

Since the radiographic technique used 

Case bond separa t ion  can be categorized according t o  r epa i r  
requirements, 
a por t  opening. This type of separa t ion  e i t h e r  opens i n t o  a port  a rea  
o r  can be reached with a hypodermic syr inge from a por t  area.  
type of CBS i s  ca l l ed  inaccess ib le  because repa i r ing  t h i s  type of CBS woulc 
require  access through the  case w a l l .  Attempts t o  r epa i r  a defect  of t h i s  
type were dependent upon successful  demonstration i n  the  f ibe rg la s s  r epa i r  
program of  a technique t o  r epa i r  holes i n  the f iberg lass  cases of su f f i c i e i  
s i z e  to  permit case bond repa i rs .  The concept envisioned was  t o  i n j e c t  
adhesive o r  r e s i n  i n t o  the separa t ion  through a hole  d r i l l e d  i n  the 
f iberg lass  case,  u t i l i z i n g  a hypodermic syringe o r  o ther  means of in jec t io i  

I n  the first category the CBS areas are access ib le  through 

The second 

The supporting laboratory t e s t i n g  t o  qua l i fy  a CBS r e p a i r  adhesive 
w a s  i n i t i a l l y  or ien ted  towards developing a r epa i r  technique for  X259 
motors, This d i r ec t ion  w a s  based on the inspect ion r e s u l t s  of the  
o r i g i n a l  group of 15 X248 and 3 X259 motors ava i l ab le  f o r  tes t ing .  
X248 motors contained no detected inaccess ib le  CBS which required r epa i r , ’  
and the  s m a l l  areas of access ib le  CBS were of such a nature  and loca t ion  
tha t  r e p a i r  with Multron pot t ing  mater ia l  was feas ib le .  Use of  Multron 
for  CBS repa i r s  had been demonstrated on o ther  Hercules programs where 
l i t t l e  adhesive o r  t e n s i l e  s t r eng th  was required. The X259 motors, 
however, did conta in  la rge  inaccess ib le  areas  of CBS which required an 
adhesive r epa i r  and access through the case wall. 

The 

The design of the  X259 motor i s  somewhat d i f f e r e n t  than the X248. 
Figure 68 shows the basic  X259 motor which is a powder-embedded case- 
bonded u n i t  containing CY1 propel lant .  The f ibe rg la s s  case (ECG-140-801 
g lass  and Epon 826/Cl r e s in )  is protected by an  SBR rubber in su la to r  i n  
both the forward and a f t  ends which a r e  exposed t o  burning propel lant  and 
hot moving gases during f i r i n g ,  The case bond i s  formed a s  follows: 

t 



(1) The ins ide  of  t he  insu la ted  case i s  coated with a b a r r i e r  layer  of 
Epirez 504/Epicure 855 epoxy r e s i n  which is then cured. (2) A second layei 
of r e s i n  i s  applied,  and before t h i s  r e s i n  completely cures ,  ca s t ing  powdei 
granules are p a r t i a l l y  embedded, thereby providing a mechanical bond betwef 
r e s i n  and emhedment granules. (3) The powder-embedded case i s  then f i l l e d  
with cas t ing  powder, and cas t ing  so lvent  i s  added. The solvent  combines 
with both the  cas t ing  powder and embedded powder, forming the  propel lant  
and c rea t ing  a bond between the embedded powder and the  propel lant  grain,  

The evaluat ion and laboratory t e s t i n g  of case-bond r epa i r  materialr 
resu l ted  i n  the se l ec t ion  of  a r e s i n  mixture cons is t ing  of Epon epoxies 
871/815/946B i n  the r a t i o  90:10:13 p a r t s  by weight, 

During t h i s  material evaluation, the X259 case-bond r epa i r  e f f o r t  
was red i rec ted  toward X248 appl ica t ion  fo r  two reasons: (1) It w a s  
decided t o  emphasize X248 f iberg lass  r e p a i r  work so a l l  X259 motors were 
deleted from the  program, 
defects  i n f l i c t e d  and repaired,  X-rays of the r epa i r s  disclosed a la rge  
separat ion i n  the cy l ind r i ca l  sec t ion ,  which would de f in i t e ly  r e s u l t  i n  
f a i l u r e  i f  the  motor were f i r ed ,  These events r e su l t ed  i n  the case bond 
r epa i r  e f f o r t s  of t h i s  program being d i rec ted  towards developing a repa i r  
f o r  X248 motors, s p e c i f i c a l l y  f o r  motor NPP-424. The work done f o r  t h i s  
motor i s  discussed separa te ly  i n  a l a t e r  s ec t ion  (IV.C.3.b.). 

(2) After  X248 motor NPP-424 had f iberg lass  

2, Acceptable Case Bond Separation 

Case bond separat ions requi re  r a t h e r  complex ana lys i s  t o  determine 
what e f f e c t ,  i f  any, they w i l l  have on the performance of the rocket 
motor. Each defec t  must be analyzed individual ly ,  considering such f ac to r  
as s i z e ,  loca t ion  and type of separat ion;  type and magnitude of loads to  
be borne by the defect;  and the  t i m e  and manner of  i ts  exposure t o  the 
burning flame front .  

, 

Radiographic inspect ion r e s u l t s ,  tabulated i n  Table 1 and shown 
graphical ly  f o r  each motor i n  Appendix A, showed t h a t  a l l  ava i lab le  X248 
motors had case bond separa t ion  (CBS) i n  the  forward dome area t o  var ious 
degrees. Five had CBS i n  the cy l ind r i ca l  s ec t ion  and s i x  had small areas 
of CBS and/or porous propel lant  near the  case-bond l i n e  i n  the a f t  dome. 
Assuming the  motors burned as  designed, i r e r ,  t h a t  bonds i n  o ther  a reas  
did not f a i l ,  separat ions located forward of &e insu la to r  would not be 
exposed to the advancing flame f ron t  u n t i l  motor t a i l - o f f .  Therefore, 
i t  w a s  believed t h a t  motors containing CBS defects  i n  the forward end of 
the r epa i r  motor would perform s a t i s f a c t o r i l y  during s ta t ic  f i r i n g  
without r e p a i r  , 
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Two X248 motors, S / N  NPP-400 and NPP-446, were used t o  determine 
i f  CBS i n  the  forward end propagates under simulated f l i gh t l l oad ing ,  
two motors were subjected t o  r a d i a l  spin and a x i a l  acce le ra t ion  loads t o  
simulate f l i g h t  loads during f i r i n g  of lower s tage motors. 
t h a t  t h e  CBS areas did not  propagate,, 
these two motors a t  normal pressure showed t h a t  forward dome CBS, regardler 
of s i z e ,  i s  of no b a l l i s t i c  s ignif icance i f  i t  i s  located so t h a t  it w i l l  
not  be exposed t o  the  advancing flame f ron t  u n t i l  t he  t a i l o f f  period. This 
was confirmed by the  successful f i r i n g  a t  higher than normal pressure of 
o ther  motors i n  t h e  program. The r e s u l t s  of the  simulated (centr i fuge and 
spin) f l i g h t  load t e s t i n g  on two addi t iona l  motors, S/N NPP-409 and NPP-44; 
confirmed t h a t  ex i s t ing  CBS i n  the forward domes of X248 motors does not 
propagate under simulated f l i g h t  loading..  Thus, i t  w a s  concluded t h a t  the  
remaining X248 motors could be used as f ibe rg la s s  defec t  and r epa i r  vehicle 
without repa i r ing  CBS i n  the  forward dame areas. 

These 

The r e s u l t s  from sta 

The a f t  ends of two motors, S / N  NPP-454 and NPP-453, contained 
(near t he  case bond l ine )  minor surface propel lant  cracks and voids of 
such s i z e  and loca t ion  t h a t  ana lys i s  indicated they would not compromise 
f ibe rg la s s  repair test objec t ives .  
2 in .  long x 0.04 in .  deep and h a i r l i n e  i n  width; the  largesf  void was 
1-1/4 in .  by 1/32 in .  
no de tec tab le  e f f e c t  on b a l l i s t i c s .  

The l a r g e s t  crack was approximately 

F i r ing  r e s u l t s  demonstrated t h a t  these defec ts  had 

A f ibe rg la s s  r epa i r  i n  motor NPP-425 f a i l e d  before a case bond 
separat ion i n  the cy l ind r i ca l  sec t ion  w a s  exposed t o  the  flame f ron t ,  
precluding evaluat ion of t h i s  defec t .  

3. Demonstration of Repaired Case Bond Separation 

Successful repair of minor CBS accessible  t o  the  a f t  por t  w a s  
demonstrated by four motor f i r i n g s .  
t o  e f f e c t  a repair of CBS requi r ing  access through the  f ibe rg la s s  chamber 
w a l l  were s tudied i n  attempting r e p a i r  of motor NPP-424. 

The materials and techniques required 

a. Motor S ta t ic  F i r ings  

The technique of f i l l i n g  separat ions with an obturat ing materii 
(polyurethane) by means of a hypodermic syringe in se r t ed  from a por t  area 
was u t i l i z e d  t o  repair four  motors having minor a f t  dome CBS. 
had ind ica ted  t h a t  these defec ts ,  i f  no t  repaired,  would a f f e c t  the  
b a l l i s t i c  performance of the  motors. 
t h a t  these  repaired defec ts  had no de tec tab le  e f f e c t  on b a l l i s t i c  perform- 
ance * 

Analysis 

S t a t i c  f i r i n g  r e s u l t s  demonstrated 



b, R e p a i r  of Rocket Motor NPP-424 

This motor was u t i l i z e d  t o  study the  repair of case bond 
separat ions known t o  be c r i t i c a l ,  but inaccessible  t o  repair by conven- 
t i o n a l  means (hypodermic syringe) from a port  area. 

Supporting laboratory t e s t ing  resu l ted  i n  the  se lec t ion  and 
qua l i f i ca t ion  fo r  use on X248 motors of a repair adhesive consis t ing of 
Epon 871/815/946B i n  the  r a t i o  90:10:13 pa r t s  by weight. 
technique i s  t o  pump the  selected r e s i n  mixture through holes  d r i l l e d  i n  
the f ibe rg la s s  case i n t o  the  separation, Proper o r i en ta t ion  of the  motor 
and loca t ion  of the  holes would p e r m i t  r e s i n  t o  flow i n t o  the  bottom of 
the  separation, then upward and outward, expelling a i r  from bleed holes  
a t  t he  edges and top of the  separation. Following cure of t he  CBS r epa i r  
adhesive, the holes  i n  the  f iberg lass  chamber would be repaired using a 
g l a s s  c lo th  patch and the  technique demonstrated i n  the  f iberg lass  repair 
program. 

The r epa i r  

The CBS repair technique was:,demonstrated only t o  the  point of 
d r i l l i n g  holes  through the f iberg lass  chamber i n t o  the  separation. The 
r e s i n  did not flow i n t o  the  separat ion because the  separation tended t o  
c lose a f t e r  the holes  were d r i l l e d  through the  chamber. 
t h a t  conditioning the motor t o  40°F opened the  separation. 
separation a t  400F i s  believed feas ib le .  
t i m e  l imi t a t ions ,  work on t h i s  motor was stopped before it could be demon- 
s t r a t e d  t h a t  the  separation could be completely f i l l e d  with repair adhesivl 
and an adequate bond ef fec ted ,  

It was demonstrati 
Repair of the 

Because of program funding and 

The radiographic inspect ion r e s u l t s  on t h i s  motor confirmed 
known inadequacies of t h i s  inspect ion technique. The cy l ind r i ca l  sect ion 
defect  was not  detected i n  the  o r ig ina l  inspect ion because 100% coverage 
i s  not p r a c t i c a l ,  and no X-rays were taken i n  the  a rea  of the  defect .  
X-rays taken a f t e r  t he  separat ion closed did not i den t i fy  the condition 
where two surfaces  were i n  contact but not bonded. The l imi ta t ions  of t he  
radiographic inspect ion technique do present some problems i n  detect ing,  
evaluating and ver i fy ing  sa t i s f ac to ry  r epa i r  i n  defec ts  of t h i s  type. 

d 
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The s t a t i c  test por t ion  of t he  program u t i l i z e d  th ree  models of t he  
The bas ic  d i f fe rence  between the  models is i n  the  winding X248 chamber. 

geometry and winding f ab r i ca to r s .  

The A5 model is  wound with e i g h t  s t r ands ;  the  windZng d i r e c t i o n  i s  
changed a f t e r  each l aye r  according t o  the  following witading sequence: 

29" h e l i c a l  
29" h e l i c a l  
90" 
45" h e l i c a l  which ends a t  t he  mid-domes 
6.W h e l i c a l  which ends i n  the  doublers 
90" 

The A6 and models a r e  wound with t e n  s t r ands ;  the  windi 
r e c t i o n  i s  changed a f t e r  each l aye r  according t o  the  following 
sequence : 

2 9" he  1 ic  a 1 
29" h e l i c a l  

a 1  ending a t  t he  mid-domes 

The major d i f fe rence  between the  A6 and A10 models i s  t h a t  the  A6 
chambers were wound by Black, S i v a l l s ,  and Bryson and the  A10 was wound 
by Hercules a t  Rocky H i l l ,  New Jersey.  
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The calculation of the thickness of the cylindrical section of the 
A5, A6 and A10 models is as follows: 

Using the parameters 

Aend = 2.31416 x 10-5 in.2 

2 Astrand = 27.76992 X in. 

A5 = 115 ends/inch/band 

A6 and A10 = 144 ends/inch/band 
1, 

The thickness of the cylindrical wall is based on 0.012 in./layer 
of helicals and 0.010 in./layer of 90". 

(3 29" = 1.6 layers 

(3 90" = 1.6 layers 

(3 45" = 0.8 layers 

1 (z)  (3 60" = 0.8 layers 

1.6 (0.012) = 0.0192 in. 

1.6 (0.010) = 0.0160 in. 

0.8 (0.012) = 0.0095 in. 

0.8 (0.012) = 0.0095 in. 

0.0544 in. 

tA5 = 0.054 in. 



A6 and A10 

= 2.0 l aye r s  

= 3.0 l aye r s  

= 1.0 l aye r s  

= 1.0 layers  

2.0 (0.012) = 0.024 i n .  

3.0 (0.010) = 0.030 i n .  

1.0 (0.012) = 0.012 i n .  

1 .0  (0.012) 0.012 i n .  

0.078 i n .  

1 .0  (0.012) = 0.012 i n .  

0.078 i n .  

I 

2 .  F i n i t e  Element Analysis of A5 Chamber 

A preliminary, f i n i t e  element ana lys i s  of t he  X248 A5 chamber was 
performed t o  determine the  s t r e s s - s t r a i n  d i s t r i b u t i o n  wi th in  the  f ibe rg la s  
chamber. The purpose of t h i s  ana lys i s  was t o  loca t e  t h e  a reas  of h ighes t  
stress. These a reas  would then be considered t h e  most c r i t i c a l  loca t ions  
f o r  de fec t s .  , 

The ana lys i s  indicated t h a t  the  A5 dome s t r e s s e s  were the  h ighes t  
i n  the  a reas  j u s t  off t he  doublers. The s t r e s s e s  i n  the  a f t  dome area w e r  
approximately 50% higher than i n  the  forward dome. I n  the  c y l i n d r i c a l  
sec t ion ,  t he  h ighes t  a x i a l  and lowest hoop stresses were located i n  the  
a reas  of the  doublers. This i s  due t o  the  buildup of predominantly 90" 
layers  of g l a s s  and the  ending of the 60" h e l i c a l  l ayer  which r e s u l t s  i n  
higher a x i a l  loads c a r r i e d  by the hoop layers .  The A5 c y l i n d r i c a l  s ec t ion  
had f a i r l y  uniform stresses along i t s  length with the  hoop stresses being 
approximately two t i m e s  g rea t e r  than the  a x i a l  stresses. This ana lys i s  d i  
not consider t he  propel lan t  because it has a minimal e f f e c t  on the  chamber 
s t i f f n e s s .  

- -  



3 .  Comparison of S t r a i n s  

I n  t h e  c y l i n d r i c a l  s ec t ion  of t he  X248 A5 ch 
s t r a i n s  a r e  i n  agreement with a c t u a l  measurements 
parison of t he  two f o r  a progressive pressure of 

Hoop S t r a i n  

Axial S t r a i n  

Actual 

NPP-261 1.68% 
NPP-242 1.52% 1.56% 
NPP-257 1.50% 

NPP-261 0.84% 
NPP-242 0.74% 0.70% 
NPP-257 0.75% 

Based on a maximum allowable s t r a i n  of 2.0% fo r  the  f i b e r g l a s s  ch 
the  predicted bu r s t  pressure f o r  an AS chamber i n  the  c y l i n d r i c a l  sec t ion  
would be approximately 465 ps i a .  
an A6 chamber a t  350 ps i a  a re :  

The ac tua l  measurements of s t r a i n  

I 

Hoop S t r a i n  

Axial S t r a i n  

Ac tua  1 

NPP- 47 5 1.13% 
NPP-454 1.05% 
NPP-425 0.92% 

NPP-475 0.75% 
NPP-454 0.79% 
NPP-425 0.77% 

Based on a maximum allowable s t r a i n  of 2.0% f o r  t he  f i b e r g l  
the predicted bu r s t  pressure f o r  an A6 o r  an A10 chamber 
approximately 665 p s i a . i n  the  c y l i n d r i c a l  sec t ion .  
the c y l i n d r i c a l  s ec t ion  a r e  thus approximately one-third h ig  
a x i a l  stresses. 

The ho 

rane ana lys i s  of the  th ree  X248 models her 
i c t ed  bu r s t  pressures.  

.......................................................... ....... .. _.x .... _.^_--- .... .....wll_ -.-.-.-.....-- 
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4. Membrane Analyses of X248 Chamber Cylindrical  Sec t ion  

a.Analysis of A5 Mbdel 

Allowable Filament ( f )  StFesses 

f = 202,500 p s i  
cp 

f g  = 242,000 p s i  

ep = axial 

g = hoop 

where : N = end/inch/band P = pressure,  p s i  

R = radiius, i n .  

QC = winding angle 

n = number of l aye r s  

Y e p  
T = f x area of an  end 

P = 450 p s i  

450 (8-953) = 230 (2.31416 x 

R = 8.953 

f [2(.8746)2 + (.7071)2 + (.5)2] 
2 Ep 

450 (8.953) f =  
EQ 2 (230) (2.31416 x 10-5) (2.2798) 

f = 166,000 p s i  
Ep 

t I 
Margin of Safety = 202,500 - 1 = I  +0.28 I I n  Axial 

166,000 - 
2 

PR = N To n s i n  Q 

450 (8.953) = 230 (2.31416 x lom5) [2 fO+ { 2 (.4848)2 + (.7071)2+ (.866)2]f ] 

4025 = 5.3226 x l f3  [2 f + 1.7201 f ] 
Ep 

0 ep 
= 4025 - 1.720lr(166,0O0) 

f e  5.3226 x 
2 
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f =  756,000 - 285,500 
e 2 

f = 235,250 p s i  
0 

Margin o f  Safe ty  = 242,000 - 1 = In HOOP 
235 , 250 

b.Analysis of A6 and A10 Models 

P = 650 p s i ,  R = 8.971 

650 (8.971) = 288 (2.31416 f ~ 2 ( . 8 7 4 6 ) ~  + (.7071)2 + (.5)2] 
2 9 

f =  650 (8.971) 
2(288) (2.31416 x 10-3) (2.2798) 

f = 191,500 p s i  
u, 

Margin of Safe ty  = 202,500 
191 , 500 

- 1 = [ +  0.06 I I n  Axial 

650 (8.971) = 288 (2.31416 x loW5> C3 f e  + {2(.4848)2 + (.7071)2+ (.866)2]fy] 

= 650 (8.971) - 1.7201 fca 
f e  288 (2.31416 x 10-5) 

3 

= 875,000 - 329,500 
fe  ' 3 

f = 181,500 p s i  
0 

Margin of  Safe ty  = 242,000 - 1 =  I n  Hoop 
181,500 
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B. FIBERGLASS DEFECTS 

1. Material Evaluation 

The development of a r epa i r  technique requires  the evaluation of 
candidate mater ia l s .  Besides propellant compat ibi l i ty ,  a l imi t a t ion  
placed on t h e  r epa i r  mater ia ls  was t h a t  they must be appl icable  to f i e l d  
type r epa i r s .  This. l imi t a t ion  indicated that such f ac to r s  as room tempera 
t u r e  cure  and ease of appl ica t ion  were of pr ime importance. Other f ac to r s  

,vi were weight, s i z e ,  t e n s i l e  s t rength and shear s t rength of the 
patch. i. 

The i n i t i a l  r epa i r  of an X248 chamber (NPP-401) w a s  attempted w i t h  
Owens Corning S/81-901 g la s s  c lo th  and an  Epirez/Epicoure r e s in  system. 
With the  motor i n  a horizontal  pos i t ion ,  the  r e s i n  flowed down and around 
the  Spi ra l loy  case .  To cont ro l  t he  r e s i n  flow, a th ixot ropic  addi t ive  was 
needed. Simple laboratory t e s t s  showed tha t  3% Cab-O-Si1 was more e f f e c t i  
i n  preventing run-off than Bentone 2 7 .  However, samples of g lass  c lo th  
impregnated with Epirez/Epicure containing Cab-0-Si1 d i d  not cure properly 
a t  70°F/50 t 5% r e l a t i v e  humidity. Under 
a r i d  conditions ( i n  a desiccator)  the  r e s i n  cure w a s  normal. It w a s  con- 
cluded t h a t  moisture has an adverse e f f e c t  on the cure of t he  Epirezl 
Epicure system. Therefore, other  r e s i n  systems were considered 

They remain tacky f o r  a month. 

Shear tests were made on Epon 946, Epon 826/Shell Curing Agent D ,  
and Epirez/Epicure/Cab-O-Sil ,  using one-inch s t r i p s  of f l a t  Spiral loy mat  
Two such s t r i p s  of mat were overlapped one inch a t  t h e  ends and bonded 
with a r e s i n .  After cure ,  they were pulled i n  tension a t  a s t r a i n  r a t e  
of 0.05 inch p e r  minute. Tensi le  shear values a r e  reported i n  Table 16. 
Although t h e  t e n s i l e  da ta  f o r  Epon 946 was 8.5% lower than t h a t  f o r  Epirez 
Epicure/Cab-O-Sil, t h e  average value of about 1000 p s i  f o r  Epon 946 was 
considered adequate shear s t rength  f o r  the  bond between case and patch. 

Besides possessing adequate shear s t rength ,  Epon 946 w a s  an ambier 
cure system una.ffected by humidity, with excel lent  th ixot ropic  and elonga- 
t i o n  (62%) proper t ies ,  and known compatibil i ty with propellant and cas t in j  
solvent.  Therefore, Epon 946 w a s  chosen f o r  patching defec ts  i n  fibergla:  

The shear s t rength  of the  bond of Epon 946 t o  the  X248 f ibe rg la s s  
was determined by u t i l i z i n g  a double-lap shear tes t .  
i s  shown i n  Figure 4. These specimens were t e s t ed  a t  s t r a i n  rates of 
3 in./min/in. and 300 in./min/in. 
and progressive loading rates that the  motor encounters during s t a t i c  
t e s t i n g .  

The shear test  setul  

These r a t e s  approximate t h e  ign i t i on  

The r e s u l t s  of these shear tests a r e  presented i n  Tables 5 and f 
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The average shear  stresses f o r  the  two r a t e s  were 1632 and 1595 p s i ,  re- 
spec t ive ly .  

Owens-Corning S/81-901 f i n i s h  f ibe rg la s s  c l o t h  was the o ther  mater i  
chosen f o r  the  patch.  The c l o t h  and Epon 946 r e s i n  were t e s t ed  i n  a ser i  
of t e n s i l e  tests f o r  1-, 2-, 3 - ,  and 4-ply patches.  A sho r t  Type I1 JANA 
dogbone was used t o  evaluate  the  c lo th  combinations a t  s t r a i n  r a t e s  of 3 
in./min/in.  and 300 in./min/in. The r e s u l t s  of these tests a r e  shown i n  
Tables 3 and 4. The decrease i n  t e n s i l e  modulus with increasing number o 
p l i e s  i s  due pr imar i ly  t o  the grea te r  r e s i n  content  i n  samples of mul t ip l  
number of p l i e s .  This higher r e s i n  content  permits t he  specimens t o  de- 
f l e c t  more and thus reduce  the  modulus. The most c r i t i c a l  condi t ion oc- 
cu r s  during the  lower loading r a t e  a s  indicated by these tab les .  A p l o t  
of the  load-carrying c a p a b i l i t i e s  versus number of p l i e s  i s  shown i n  
Figure 3 .  
c l o t h  and Epon 946 could be used t o  r e p a i r  defec ts .  

These tests indicated t h a t  the  combination of S/81-901 g la s s  

The development of a f ie ld- type  r e p a i r  technique would r equ i r e  am- 
b i en t  s torage  condi t ions f o r  the  r epa i r  mater ia l s .  However, S/81-901 glai 
c l o t h  r equ i r e s  r e f r ige ra t ion .  During the  program, S/81-904 g la s s  c l o t h  
became ava i l ab le  from Owens-Corning. The 904 epoxy compatible f i n i s h  doe 
not r equ i r e  r e f r ige ra t ion .  Laboratory tests were conducted t o  compare thc 
r e l a t i v e  shear values of the  two g la s s  c lo ths .  

Tensile-shear specimens, known a s  th ree  p l a t e  shear,  were made by 
bonding two p l i e s  of cloth t o  Spi ra l loy  mat ( l i g h t l y  sanded), cured f o r  
seven days a t  ambient conditions,  and pul led i n  tension a t  a crosshead 
speed of 0.2 in .  per minute. The three  p l a t e  shear specimens were made 
a s  follows. 

One-inch squares of Spi ra l loy  mat were bonded t o  both faces  of an 
aluminum bar (1 i n .  wide x *7,5 in .  long) with Armstrong C7/Activator W 
adhesive. Af te r  an oven cure  a t  200°F f o r  four  hours, double p l i e s  of 
g lass  c l o t h  were bonded t o  the  Spi ra l loy  and t o  outs ide  aluminum bars  w i t '  
f r e sh  Epon 946 (Figure 69). The two p l i e s  of g l a s s  c l o t h  w e r e  previously 
bonded together  with Epon 946 and B-staged f o r  24 hours a t  ambient con- 
d i t i ons  before  c u t t i n g  t o  s i z e  and assembling. The t o t a l  assembly with 
three  aluminum bars  was allowed t o  cure  a t  ambient condi t ions f o r  seven 
days before  t e s t ing .  
c lo th .  

Five such specimens were made f o r  each type of g l a s  

The r e s u l t s  of these  tests a re  l i s t e d  i n  Table 17. A l l  specimens 
f a i l e d  a t  the Sp i r a l loy / r e s in  in t e r f ace .  Reproducibi l i ty  was poor i n  the  
S/81-904 samples, a s  indicated by the  wide range between minimum and maxi 
mum shear values .  However, because the  averages were very near ly  the  Sam 
f o r  both cLoths, it w a s  concluded t h a t  t h e  -~~&l-904-clo-th--couhd- be--sdst-i 
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tuted sa fe ly  f o r  the  S/81-901, but 
S/81-904 have been made. 

motor f i r i n g s  o n  cases- repa-ir<d”%TiI 

A t  t h i s  point ,  t he re  appeared t o  be a contradictory s i t u a t i o n  re- 
garding the  use of nonrefr igerated c l o t h  with a r e f r ige ra t ed ,  B-staged 
r e s i n  border. It was believed t h a t  i f  the  border r e s i n  were allowed t o  
B-stage too f a r  o r  become cured, i t  would not  bond w e l l  t o  f r e sh  r e s i n  
during the  patching operation. Accordingly, a laboratory t e s t  was per- 
formed t o  c l a r i f y  t h i s  supposit ion.  

Three-plate lap  shear specimens (Figure 69) were made i n  t r i p l i c a t e  
f o r  t h ree  v a r i e t i e s  of res in- to- res in  bonding. 
coated on the  faces  of the  two outer aluminum bars ,  allowed t o  B-stage a t  
ambient temperature f o r  16 hours, and then baked a t  300°F f o r  t h ree  hours 
Fresh Epon 946 was then applied t o  the  cured surfaces  and pressed aga ins t  
the center  aluminum bar.  
r e s i n  t o  guarantee constant  r e s i n  thickness a t  the  bond l i n e .  A second 
set  was t r ea t ed  the  same way, except t h a t  the  glossy surface of the  cured 
r e s i n  was sanded before appl ica t ion  of the  f r e sh  r e s i n .  I n  a t h i r d  set ,  
the  Epon 946 was not  oven cured. Fresh r e s i n  was applied d i r e c t l y  t o  the 
16-hour staged r e s i n  and the  assembly completed. A l l  assembled specimens 
were allowed a 7-day ambient cure  before t e s t ing .  
a t  a crosshead speed of 0.2 in .  per  minute a t  77’F. 

I n  one set ,  Epon 946 was 

Fine wires were l a i d  s i d e  by s ide  i n  the  f r e sh  

Specimens were pul led 

The r e s u l t s  (Table 18) ind ica te  a s l i g h t l y  b e t t e r  average shear 
s t rength  f o r  the cured than f o r  the  B-staged Epon 946, and a s i g n i f i c a n t  
increase i n  shear f o r  the  sanded samples. The l a t t e r  showed a 35% in-  
c rease  i n  adhesion over the  unsanded, cured samples and a 45% increase 
over t he  B-staged samples. It was concluded t h a t  the  r e s i n  border on 
g l a s s  patches need not  be protected from curing and, consequently, re- 
f r i g e r a t i o n  was unnecessary. However, t h i s  r e s u l t  had been obtained l a t e  
i n  the  program, and a l l  X248 r e p a i r s  u t i l i z e d  c l o t h  with r e f r ige ra t ed  
B-staged resin borders.  , 

2. Preliminary Fiberglass  Repair Study 

This s ec t ion  covers work done a t  the  s t a r t  of Phase I1 t o  determine 
whether the  laminated patch concept had a s i g n i f i c a n t  p o t e n t i a l  a s  a repa 
system f o r  damaged motor cases .  Two types of b o t t l e s  were used f o r  t h i s  
work. 

a .  6-Inch Bot t les  

r 

Six 6-in.-diameter b o t t l e s  remaining from another program w e r e  
~ 

. used t o  determine the  f e a s i b i l i t y  of candidate r epa i r  mater ia l s  and a re- 
p a i r  technique. Th b o t t l e s  were wound with single-end S-994 
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of 3 l ayers  of 11" h e l i c a l  windings and 8 l aye r s  of 90" hoop windings wou 
sequent ia l ly  on a Styrofoam mandrel. The average bu r s t  p ressure  f o r  thes  
b o t t l e s ,  determined i n  t h e  other program, was 2711 p s i .  One b o t t l e  was 
bu r s t  a s  a con t ro l  f o r  t h i s  program t o  see i f  aging had af fec ted  the  
s t rength .  
average. 

It bur s t  a t  2300 p s i ,  15% lower than the  previously determined 

The other f i v e  6-in.-diameter b o t t l e s  were defected 1.75 in .  
the  tangent l i n e  c rea ted  by the  l eve l  windings a t  the  domes. The c u t s  w e  
carved i n  a plane normal t o  the  b o t t l e  a x i s  with an Exacto knife.  Each c 
was 0.75 i n .  long x 0.50 i n .  wide x 0.017 i n .  deep. The depth was calcu- 
l a t ed  t o  y i e l d  about 70% s t r eng th  r e t e n t i o n  of t he  bu r s t  pressure.  The d 
f e c t s  were placed i n  the  domes because the  b o t t l e s  had been designed t o  
f a i l  i n  the  domes. $ 

1 

Two of t h e  grooved b o t t l e s  were bu r s t  with no attempt a t  
i n  order t o  assess  t h e  s t r eng th  l o s s  due t o  the  defec t .  
p s i ,  a l o s s  of 41% based on t h e  cont ro l ,  and the  o the r  burs 
l o s s  of 62%. 

Onetbu 

i 
i 

Repaers were made t o  the remaining two b o t t l e s  with one layer/  
of S l 8 l  g l a s s  c l o t h  (Volan A f i n i s h ) ,  s i z e  2.25 x 1.50 inches. F i r s t ,  
the  Sp i r a l loy  was sanded i n  a r e s t r i c t e d  area around t h e  grooves and then 1 

I grooves were f i l l e d  with a pu t ty  made by mixing 1 . 5  w t .  % of S994 
ped g l a s s  f i b e r s  ( l / 8  in .  segments) with Armstrong C7 adhesive. Ne 
sanded a reas  were coated with Armstrong C7/Activator W (60-40 pbw) 

out  chopped f i b e r s ,  and the g l a s s  c l o t h  patches applied t o  the  r e s i n .  
patches were pressed firmly i n  pos i t i on  and manipulated with t h e  f inge  
expel entrapped a i r .  F ina l ly ,  t he  e n t i r e  c l o t h  patch was given a top 
coating of r e s i n  which was allowed t o  cure a t  ambient conditions f o r  4.8 
hours . 

1 
1 

e bu r s t  pressure of one of t he  repa i red  b o t t l e  
than the  cont ro l ,  suggesting a reinstatement of a t  l e a s t  
s t  s t rength .  

was 31% lowe 
The other repaired b o t t l e  bu r s t  a t  t 

one of the  unrepaired,g"defected b o t t l e s ,  a t  1350 p s i .  
ins tances  f a i l e d  i n  tension. Since t h e  b o t t  

were improved only s l i g h t l y  by t h e  r e p a i r ,  it wa 
an one p ly  was required t o  r e p a i r  such d 

f i b e r s  w a s  considered t o  be of 
o re ,  it w a s  not used i n  

b. Picatinny Bo t t l e s  

Eight b o t t l e s ,  3 i n .  i n  diameter x 18 in .  long, were fi lamentl  i 
wound with E-801 g la s s  roving and Epon 828/Sh-e-1-1 curing A g e n t - D  (l-8-phr)- 
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matrix r e s i n .  The geometry layers  of 54" h e l i c a l  windings 1 
ure i n  the  domes. 
u n t i l  no longer tacky and cured a t  250°F fo r  2 hours i n  an oven. 
b o t t l e s  were wound i n  groups of four, and each group developed d i f f e ren& 
appearances. 
running through them, 
l ieved t h a t  Group B had fewer voids than Group A, but void content was nod 
determined. 

and 3 l aye r s  of l e v e l  (90") windings t o  make the  b o t t l e s  s e n s i t i v e  t o  f a i  
They were B-staged a t  150-200°F with inf ra red  lamps 

The 

The Group A b o t t l e s  were l i g h t  amber with dark brown s t r e a k  
The Group B b o t t l e s  were dark green. 

Each group would be represented by one con t ro l  b o t t l e  and 

It was be- 

t i n g  and/or defecting and rer>air. 

t h ree  bo 
0.01 i n .  

I n  Group A, one b o t t l e  was t o  be hydroburst as  a 
t t l e s  weke t o  be defected with 0.25 i n .  long x 0.05 
deep defec ts .  Then one b o t t l e  would be repa€red. 

one b o t t l e  was t o  be hydroburst a s  a con t ro l  and th ree  b o t t l e s  w e r  
defected with 0.25 in .  long x 0.05 in .  wide x 0.01 in .  deep defec t  
a l l  t h ree  b o t t l e s  would be repa i red ,  

1 
Based on the  observation from t h e  6-inch b o t t l e s  t h a t  a s ing le  

p ly  patch f a i l e d  i n  tension, t h i s ' g r o u p  o f  b o t t l e s  w a s  patched with thre-e] 
p l i e s .  I 
para l l e l ed  t h e  h e l i c a l  windings. The t h i r d  p ly  was placed perpendicular 
t o  the l e v e l  winds. Again the  grooves were f i l l e d  with Armstrong C7 ad- 1 
hesive conta in ing  chopped glass f i b e r s ,  and e patches were coated with 
the  same r e s i n .  

' 
t e s t i n g , ,  The spec ia l  r e p a i t  of #1-6 consisted of two p l i e s  of W181 c l o t h !  
and a t h i r d  p ly  of very heavy g l a s s  c l o t h .  This was due t o  a weak s i t e  i n  
the  knuckle region of t he  b o t t l e .  1 

The f i r s t  two p ieces  of g l a s s  c l o t h  were aligned such t h a t  they 

A l l  patches were allowed a 48-hour ambient cure before 

The b o t t l e s  were tested a t  a p re s su r i za t ion  r a t e  of 50 p s i / s e c  

1 and the  r e s u l t s  a r e  i n  Table 20. 

i 
Similar b o t t l e s  

de with 5994 g la s s  had an average b u r s t  value of 4200 p s i .  
paired b o t t l e  (fl-4) bu r s t  a t  a very low pressure  (540 ps i ) ,  but a l l  t h e  

The average of t h e  two con t ro l s  was 3900 p s i .  
The one un- 

atched b o t t l e s  b u r s t  a t  values above 3000 p s i ,  except t h e  spec ia l  case. 
t was in fe r r ed ,  therefore ,  t h a t  b o t t l e  s t r eng th  was r e i n s t a t e d  t o  a con- 

s ide rab le  degree by r e p a i r s  wi th  g l a s s  patches. 

B o t t l e  #1-4, which bu r s t  a t  540 p s i  a t  the  defec t  s I 
a c t .  
f o r  the  o thers .  

It was repaired with 3 p l i e s  of g l a s s  c lo th ,  o r ien ted  
The adhesive was changed t o  Epirez 504/Epiclire 

d b o t t l e ,  This was t h e  

44 
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Fiberg lass  defec ts  and r e p a i r s  were inves t iga ted  by s t a t i c a l l y  f i  
ing s ix t een  X248 rocket motors. These f i r i n g s  provided the  bas i s  f o r  an 
evaluation of f i b e r g l a s s  defec ts  and r e p a i r s  under ac tua l  s t a t i c  f i r i n g  
conditions on a f u l l - s c a l e  rocket motor. Two of the  motors were used t o  
provide information concerning the s t r a i n  d i s t r i b u t i o n  wi th in  an X248 
chamber. Two motors were used t o  evaluate p a r t i a l  defec ts  i n  the  cy l in-  
d r i c a l  sec t ion .  Three motors were used t o  evaluate defec ts  i n  the  motor 
domes, and the f i n a l  nine motors were f i r e d  with defec ts  t h a t  completely 
penetrated t h e  c y l i n d r i c a l  sec t ion  wall .  The defec ts  i n  these  nine motor 
were repa i red  with f ibe rg la s s  c l o t h  patches. 

The X248 chamber, p rope l lan t  configurations and angular reference 
system a r e  shown i n  Figure 1. Typical pressure versus time curves a r e  
shown i n  Figure 2 .  The descr ip t ions  of t he  s ix t een  X248 s t a t i c  f i r i n g s  
w i l l  be presented i n  the  order of t h e i r  occurrence. A l l  recorded data 
from the  tests can be found i n  Appendix D. A l l  the  patches used t o  r epa i  
the  chambers were X-rayed before the s t a t i c  f i r i n g s  t o  determine whether 
voids were present and i f  the  patches were s a t i s f a c t o r i l y  bonded t o  the  
f ibe rg la s s  chamber. 

The X-ray examination of the  chambers consisted of tangent ia l  ex- 
posures of r e p a i r  zones u t i l i z i n g  low-energy (75 KV 4 MA) beryllium windc 
exposures i n  conjunction with f i n e  g ra in  f i lm.  Subject exposures readi ly  
resolved the  ind iv idua l  0.014-in.-thick p l i e s  of c l o t h  and separa t ion  be- 
tween layers .  
thickness (on the  tangent) the  individual cords wi th in  the 0.014-in.-thic 
c l o t h  p l i e s  could be discerned. 

I n  addi t ion ,  i n  the  view pro jec t ing  through the  patch 

a .  X248 A5S S/N NPP-400 

The main objec t ive  f o r  t h i s  s t a t i c  f i r i n g  was t o  inves t iga t e  
the  e f f e c t s  of a case bond separa t ion  i n  the  forward dome on motor per- 
formance. More s p e c i f i c  d e t a i l s  on the  separa t ion  can be found i n  the  
propel lan t  defec ts  sec t ion .  A secondary objec t ive  was t o  determine the 
s t r a i n s  i n  the c y l i n d r i c a l  s ec t ion  of t he  A5 chamber. The loca t ions  of 
the  hoop and a x i a l  s t r a i n  gages on the chamber can be found i n  Table 21. 

! 
k On Ju ly  17, 1967, the  motor was s t a t i c a l l y  f i r e d  a f t e r  being 

conditioned t o  a temperature of 75 2 5°F f o r  a minimum of 120 hours. 
performance was normal, and there  was no evidence of abnormal propel lan t  

, burning i n  the  unrepaired separation. This motor, 58 months o ld  a t  the  
t i m e  of f i r i n g ,  was the  o l d e s t  X248 motor ever f i r e d .  The i g n i t i o n  maxi- 
mum pressure was 276 ps i a ,  and the  progressive maximum pressure was 255 
psia. Hoop and a x i a l  s t r a i n  gages were located along the  c y l i n d r i c a l  s e c t i +  
of the  motor case.  

Thc 

Table 21 shows the loca t ions  of these  gages and compaqes 
I _____ - - _ ^ I . - - ~ " ~  ------ 



data ind ica t e  t h a t  the propel lan t  i n  the  forward cy l ind r i ca l  sec t ion  of t i e  2 1-1 s trakn-mea surements --for- - i g n i - i o n - - a r r d - g r ~ g r e s s i - - r r r a ~ m  - p r e w m r % n e - s  

chamber helps  t o  reduce the case s t r a i n s  during the ign i t i on  pressure r is  . 
P l o t s  of hoop and a x i a l  s t r a i n s  along the case f o r  the  progressive maximu 
pressure a r e  shown i n  Figures 70 and 71. 
t i on  i n  the forward por t ion  of the cy l ind r i ca l  sec t ion ,  the unrepaired 
p a r t i a l  defec ts  withstand f a i l u r e  during the  ea r ly  phase of f i r i n g .  
ure of defec ts  i n  the forward sec t ion  should be l imited t o  the progressiv 
pressur iza t ion  por t ion  of motor operation. Table 22 compares s t r a i n s  a t  

t ab l e  demonstrates the  e f f e c t  of propel lant  configurat ion on str 
various locat ions f o r  the  same pressures  a t  two d i f f e r e n t  t i m e s .  This 

Because s t r a i n s  a r e  lower a t  i g  i- 
~ I 

Fai l -  

i 
ts  during the f i r i n g .  

1 

i n  ob jec t ive  of 

s p e c i f i c  d e t a i l s  on the separat ion can be found i n  t h  
cts sect ion.  The secondary object ive was t o  determine 

the c y l i n d r i c a l  sec t ion  of an A6 chamber 
axial s t r a i n  gages on the chamber can be found i n  Table 2 3 .  

On Ju ly  20, 1967, the motor was s t a t i c a l l y  f i r e d  a f t e r  bein 
conditioned a t  a temperature of 75 f. 5°F. f o r  a minimum of 120 hours. 
performance of the motor w a s  considered 
maximum pressure w a s  276 p s i a  and the progressive maximum press  
p s i a .  Table 23') not only contains the loca t ions  of the  hoop a 
gages but a l s o  compares the s t r a i n  measu 
progressive maximum pressures.  The da ta  
propel lant  i n  the forward cy l ind r i ca l  sec t ion  of the chamber helps  t o  
reduce the case s t r a i n s  during the i g n i t i o n  pressure rise. P lo t s  of the 
hoop and axial  s t r a i n s  along the case f o r  the progressive maximum pressure 
are shown i n  Figures 72 and 73. 

C. X248 A59 S/N NPP-409 

This motor w a s  the  f i r s t  t o  be use 

r i t y  of the motor. A t  t h i s  t i m e ,  i t  w a s  dec 

i s  more e a s i l y  rep 
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I following p a r t i a l  longi tudina l  defec ts  were spec i f ied  fo r  NPP-409: 

Defect No. 1 - 250 i n .  long x 0.10 i n .  w i d e  x 0.018 i n .  deep, located a t  
1 0" and between 8.0 i n .  and 10.5 i n .  a f t  of the forward doubler. 

Defect No. 2 - 250 in .  long x 0.10 i n .  wide x 0.027 in .  d&ep, located a t  
0" and between 14.5 in.  and 17.0 in .  a f t  of the  forward doubler. 

These defec ts  were placed i n  the  forward por t ion  of t he  c y l i n d r i c a l  s ec t i c  
because of the  s t r a i n  data obtained from the  f i r i n g  of NPP-400"'and NPP-44t 
These da ta  indicated t h a t  t he  s t r a i n s  i n  the  forward por t ion  of t h e  motor 
remained low during the  i g n i t  re  rise. Thus, t o  avoid the  expect 
f a i l u r e  a t  Defect No. 2 d u r i  t i o n  pressure r i s e ,  t he  defec ts  wer 
placed i n  the  forward por t ion  of the  c y l i n d r i c a l  sec t ion .  

1 

!d 
3 

The machining of the de fec t s  t o  match the  spec i f ied  depths was 
It w a s  therefore  necessary 

This then served as the 

hampered by the  roughness of the  case surface.  
t o  run the  cu t t i ng  t o o l s  along t h e  case surface u n t i l  approximately one- 
ha l f  of t he  spec i f ied  defec t  area was scratched. 

r face  of the  i n f l i c t i o n  of the  spec i f ied  defec ts .  
of the  de fec t s ,  the  motor w a s  placed on a la the .  
01 was then moved back and f o r t h  over the  defec t  
depth was reached. 

After t he  defec.ts had been machined i n  the  chamber, they were 
evaluated. Measurements of the i n f l i c t e d  de fec t s  consisted of (1) X-ray, 
(2) depth gage, (3)  photomicrographic, and (4) rubber c a s t  and shadowgraph. 
A comparison of the  measurement techniques indicated t h a t  the X-ray 
measurements tended t o  be incons is ten t  with r e s u l t s  of the o 
This i s  because of the  lack of accuracy i n  the X-ray measuri 
The depth gage measurements f o r  t he  two de fec t s  are sho 
This t a b l e  i l l u s t r a t e s  the i n a b i l i t y  of ge t t i ng  a 
i n t o  the rough surface of the  X248 chamber when it 

' 

i f i e d  defec t  depth. 

Based on the  d a t a  reviewed i n  Referenc 
ec ted  s t rength  r e t en t ions  f o r  these two cy l ind r  

- 76% of the 465 p s i a  allowable f o r  t 

- 68% of the  465 p s i a  allowable f o r  the X248 chamber. 

o re ,  the  predicted a t  Defect N hould occur a t  app 
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placed on the  motor. These gage loca t ions  with respec t  t o  the  chamber a re  
shown i n  Figure 74. 

On August 18, 1967, the  motor was s t a t i c a l l y  f i r e d  a f t e r  being 
conditioned a t  a temperature of 75 ? 5°F f o r  a minimum of 120 hours.  
motor case  f a i l e d  a f t e r  12.26 seconds of burning a t  a pressure of 281 psia  
The i g n i t i o n  maximum pressure was 341 ps ia .  A v i s u a l  inspect ion of the  
motor case  indicated t h a t  the f a i l u r e  occurred a t  Defect No. 2. Peel-back 
of the  severed f i b e r g l a s s  occurred i n  the  immediate area of the  defec t .  
This peel-back was not  l imited t o  the  outer  90" winding, but included a l l  
the c u t  f i b e r s .  

The 

S t r a i n  gage data  showed s t r a i n s  t o  be h ighes t  i n  the  area immc 
d i a t e l y  a f t  of Defect No. 2. The maximum recorded s t r a i n  a t  t h i s  po in t  wi 
1.95% a t  t he  b u r s t  pressure of 281 ps ia .  A p l o t  of t he  hoop s t r a i n  versur 
pressure along the  c y l i n d r i c a l  sec t ion  a t  0" i s  shown i n  Figure 12. 
gage j u s t  a f t  of Defect N o .  2 recorded a r ap id  change i n  s t r a i n  between 21 
ps ia  and 281 ps i a  pressures ,  ind ica t ing  the beginning of chamber f a i l u r e .  
The s t r a i n  gages located lo" ,  30" and 60" away from Defect No. 2 indicatec 
an increasing peel-back a s  the  pressure increased.  The gage a t  10" ind i -  
cated peel-back was occurring before the  i g n i t i o n  maximum pressure was 
a t ta ined .  The gage a t  30" indicated t h a t  peel-back was s t a r t i n g  t o  occur 
a f t e r  10.2 seconds of f i r i n g .  A t  the  t i m e  of b u r s t ' t h e  peel-back had gont 
beyond 30" and t h e  gage a t  60" had begun t o  ind ica t e  peel-back s t a r t i n g  i r  
t h a t  area.  'A p l o t  of pressure versus s t r a i n  f o r  these  th ree  gages i s  shoi, 
i n  Figure 11. 

The 

I 
1 

d .  X248 A6 S I N  NPP-447 I 
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s en t s  the depth gage measurements of these  two defec ts .  The X-ray measurf 
ments indicated t h a t  Defect No. 1 was 0.054 in .  deep and No. 2 was 0.038 
in .  deep. The X-rays a l s o  indicated t h a t  approximately 0.009 in. of glas:  
remained under Defect No. 1 and approximately 0.014 i n .  tp  0.023 i n .  undei 
Defect No. 2. The s t r a i n  gage loca t ions  with r e spec t  t o  the  motor a r e  
shown i n  Figure 75. 

, 

On August 18, 1967, t h i s  motor was s t a t i c a l l y  f i r e d  a f t e r  i 
: having been conditioned a t  a temperature of 75 t- 5°F f o r  a minimum of 120 
: hours. The performance was considered normal. The maximum i g n i t i o n  pres.  

sure  was 337 ps i a  and t h e  progressive maximum pressure was 290 ps ia .  

defect  2.50 i n .  long x 0.10 i n .  wide x 0.027 in .  deep would cause a f 
a t  approximately 281 ps ia .  
determine (1) i f  a defec t  t h a t  would d e f i n i t e l y  f a i l  could be successful ly  
repaired and (2) i f  a chamber could s u s t a i n  a defec t  without causing i 

The test  of NPP-401 was therefore  designed t o  

' t o  f a i l .  The following two defec ts  were spec i f ied  f o r  t h i s  test:  

Defect No. 1 - 2.50 in .  long x 0.10 i n .  wide x 0.015 i n .  deep, located a t  
0" between 8.0 in .  and 10.5 in .  a f t  of the  forward doubler. 

Defect No.  2 - 2.50 i n .  long x 0.10 in .  wide x 0.034 in .  deep, located a t  
0" between 14.5 i n .  and 17.0 i n .  a f t  of the forward doubler 

A v i s u a l  inspect ion of both de fec t s  indicated s l i g h t  crazing 
around the  edges. 
s i d e  of the defect .  A review of %he s t r a i n  gage d a t a  indicated no unusual1 
high s t r a i n s  i n  the defec t  area. It appears as though the  rubber in su la to r  
acted much l i k e  an i n t e r n a l  patch and helped r e d i s t r i b u t e  the stresses 
i n  the  area of the  defec ts .  Figure 7 and are p ic tu re s  of the  top and 
underside view of the two defec ts .  The under de view p ic tu re s  demons 
the  lack  of remaining f i b e r s  i n  Defect No. 1 and the  r e s i n  crading i n  

Defect No. 1 h,ad i t s  remaining f i b e r s  severed on one- 

area nf t h e  d e f e r t n -  

I 

These de fec t s  were once again placed i n  the forward por t ion  of 
the  cy l inde r i ca l  s ec t ion  so t h a t  the  possible  f a i l u r e  would occur during thd 
progressive por t ion  of the pressure versus  t i m e  curve. Defect No. 1 
not expected t o  f a i l  a t  the  maximum expected operat ing pressure of 3 
psia .  
would, therefore ,  have t o  be repaired.  

Defect No. 2 was expected t o  f a i l  a t  approximately 250 p s i a  and 

Once again the  machining of 
roughness of t he  case surfaces .  It w a s ,  e 

1111 1_- 
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cu t t ing  t o o l  along the  case u n t i l  one-half of the  spec i f ied  defec t  area 
was scratched. This then served a s  the  i n i t i a l  surface f o r  t he  spec i f ied  
defec ts .  The defec ts  were measured wi th  (1) depth gages, (2) photomicro- 
graphs, (3) X-rays and (4) rubber c a s t s  and shadowgraphs. Data obtained 
by these methods proved t o  be incons is ten t ,  e spec ia l ly  the  X-ray measure- 
ments. Table 26 gives the depth gage measurements of t he  two de fec t s .  

* 

The expected f a i l u r e  of Defect No. 2 indicated t h a t  a r e p a i r  
would be necessary. Therefore, a three-ply,  overlapping S/81-901 f i b e r -  
g l a s s  c l o t h  patch was bonded i n  place with an Epirez 504/Epicure 855 resi  
system. However, because of i t s  low v i scos i ty ,  t he  r e s i n  tended t o  flow 
down the  s ides  of the  motor, reducing t h e  amount of r e s i n  remaining i n  t h  
patch. Af te r  room temperature cure of 7 days, t h e  s t r a i n  gages were p lac  
on the  motor. The loca t ions  of the  23 gages with r e spec t  t o  t h e  motor ca 
a r e  shown i n  Figure 76. 

On September 26, 1967, t he  motor was s t a t i c a l l y  f i r e d  a f t e r  
being conditioned a t  a temperature of 75 2 5°F f o r  a minimum of 120 hours 
The f i r i n g  r e su l t ed  i n  a chamber rupture  a t  0.049 second a f t e r  f i r s t  i n d i  
ca t ion  of pressure a t  a po in t  remote from the  defec ts  and r e p a i r .  Chambe 
pressure a t  the  t i m e  of rup ture  was 322 ps i a .  P o s t f i r i n g  ana lys i s  involv 
review of f i e l d  h i s t o r y  revealed t h a t  t he  motor had been dropped a t  NOS/ 
Ind ian  Head. Chamber rupture ,  j u s t  forward of the  a f t  doubler, probably 
r e su l t ed  from a combination of s t r u c t u r a l  damage and case  bond f a i l u r e  i n  
the a f t  end which was not disclosed during X-ray examination. It was a l s  
concluded t h a t  t h e  malfunction was not associated with e i t h e r  of the  in- 
f l i c t e d  defec ts  o r  the forward dome separation. The f i r i n g  was, therefor 
declared a "no-test" and was repeated. 

S t r a i n  gage data from t h i s  f i r i n g  were q u i t e  l imi ted  due t o  
the  sho r t  burning t i m e .  However, nothPng unusual appeared i n  the  s t r a i n  
readings near t he  de fec t s .  Figure 77 i s  a p i c t u r e  of the  f a i l u r e  a rea .  

f .  X248 A6 S/N NPP-455 

The r e s u l t s  of the s t a t i c  f i r i n g  of NPP-447 indicated t h a t  a3 
fu tu re  X248 dome work should be done on the  forward dome t o  avoid the  in-  
t e r n a l  i n su la to r .  The defec ts  fo r  NPP-455 were located i n  the  a rea  of 
h ighes t  stress as  was indicated by the  preliminary F i n i t e  Element Analysj 
The defec ts  were spec i f ied  a s  follows: 

Defect No. 1 - 2.50 i n .  long x 0.25 in .  wide x 0.050 i n .  deep, located ai 
I 0", 2.125 i n .  ho r i zon ta l ly  forward from the  forward doubler f ace .  

; Defect No. 2 - 2.50 in .  long x 0.25 in .  wide x 0.040 i n .  deep, located ai 
, 

240", 2.125 i n .  ho r i zon ta l ly  forward from the  forward doubler face.  
I--_-.-_- - I- -li --_ __I I ".-" _ll.lll_l_ll-. - - ~ ~  
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ness i n  t h i s  loca t ion  i s  approximately 0.070 in .  This test  was designed t 
obta in  a dome f a i l u r e  and the  defec ts  were therefore  unrepaired. The lo- 
ca t ions  of the  16 s t r a i n  gages with r e spec t  t o  t h e  motor a r e  shown i n  
Figure 78. 

On September 27, 1967, t he  motor was s t a t i c a l l y  f i r e d  a f t e r  
being conditioned a t  a temperature of 75 2 5°F f o r  a minimum of 120 hours. 
The expected f a i l u r e  of Defect No. 1 did  not occur. 
pressure was 427 ps i a  and the  progressive maximum pressure  was 393 ps i a .  

The i g n i t i o n  maximum 

A v i s u a l  inspec t ion  of t he  defec ts  ind ica ted  r e s i n  crazing i n  
t h e  area of Defect No. 1. P ic tu re s  of these  two de fec t s  a r e  shown i n  
Figure 9. The underside view of Defect No. 1 c l e a r l y  shows the r e s i n  craz 
ing around the  defec t .  

A review of t he  s t r a i n  gages i n  the  area of the  defec t  ind i -  
cated no unusually high s t r a i n s .  However, s ince  the  s t r a i n  gages could no 
be placed c lose  t o  the  edges of the  defec ts ,  they would not d e t e c t  any in- 
c rease  i n  s t r a i n  a t  the  edges of the  defec t .  

g. X248 A5D S/N NPP-257 

This motor was a r epea t  of the  t e s t  of NPP-401. The defec ts  
were of t he  same s i z e  and depths. The only d i f fe rence  between the  two 
was the  use of Epon 946 a s  the  bonding agent i n  the  patch of NPP-257 be- 
cause Epon 946 had a higher v i scos i ty  than Epirez/Epicure. 
t o  reduce the  amount of r e s i n  t h a t  drained out  of t he  r e p a i r  patch and 
down the s ides  of t he  motor case.  

This helped 

The de fec t s  were machined, and the  depth gage measurements arc 
shown i n  Table 27. Defect No. 2 was repaired and allowed t o  cure f o r  7 
days. The 23 s t r a i n  gages were mounted a s  shown i n  Figure 76. 

S t a t i c  t e s t i n g  was performed on October 26, 1967, a f t e r  t he  
motor had been conditioned a minimum of 120 hours a t  75 2 5°F. The motor 
functioned properly, and p o s t f i r i n g  inspec t ion  revealed t h a t  t he  patch 
remained i n t a c t .  The unrepaired f i b e r g l a s s  defec t  r e s u l t e d  i n  the  de- 
lamination of a 2.5-in.-wide band of f i b e r g l a s s  i n  both d i r ec t ions ,  cir-  
cumferentially,  from the  defec t .  This delamination was approximately 12 
i n .  long on one s ide  of t he  defec t  and 6 in .  on the  o ther .  Nevertheless, 
t he  chamber r e t a ined  i t s  i n t e g r i t y  a s  a pressure ves se l .  The i g n i t i o n  
maximum pressure was 421 ps i a  and the  progressive maximum pressure was 38( 
ps i a .  
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13 i s  a close-up view of Defect No. 1 t o  demonstrate t he  peel-back of the  
severed f i b e r s .  Defect No. 2 was removed from t h e  chamber and then sec- 
t ioned. Figures 19, 20, and 2 1  a r e  photomicrographs of a c ross -sec t ion  
of Defect No. 2. A l a rge  amount of r e s i n  crazing i n  the  remaining uncut 
fi laments is  apparent on the  a c t u a l  c ross -sec t ion  but does not show up i n  
the  p i c tu re s .  This crazing ind ica t e s  t h a t  the  remaining chamber wall  was 
loaded beyond i t s  c a p a b i l i t i e s ,  causing the r e s i n  t o  craze.  Because the  
remaining uncut f i b e r s  were 29" h e l i c a l s ,  most of the  hoop load was car r i l  
by the  patch i t s e l f .  The ac tua l  patch thickness was measured t o  be 0.071 
i n .  

A p l o t  of t he  hoop s t r a i n s  along the  case f o r  various pressur1 
is  shown i n  Figure 82. The maximum s t r a i n  of 2.02% a t  380 ps i a  was found 
a t  the center  of the  repa i red  de fec t .  

h. X248 A6 S/N NPP-454 

The lack  of a f a i l u r e  a t  Defect No. 1 i n  the  forward dome of 
NPP-455 necess i ta ted  another p a r t i a l  defec t  t es t  on the  forward dome. Th 
test was designed t o  determine (1) i f  a forward dome f a i l u r e  could be ob- 
tained, and (2) i f  ho les  could be d r i l l e d  completely through the  forward 
dome and then repaired successfu l ly .  Also, more information was needed 
concerning the  s t r a i n  d i s t r i b u t i o n  i n  the  c y l i n d r i c a l  s ec t ion  of an A6 
chamber. The following defec ts  were machined i n t o  the  forward dome: 

Defect No. 1 - 3.0 in .  long x 0.50 in .  wide x 0.050 in .  deep, located a t  
O", 2.125 i n .  ho r i zon ta l ly  forward from the  doubler f ace .  

Defect Nos. 2 and 3 - 0.375 i n .  diameter holes completely through the  dom 
located a t  90" and 270", 2.125 in .  ho r i zon ta l ly  forward from the  doubler 
face. 

Defects Nos. 2 and 3 were repa i red  with three-ply S/81-901 f ibe rg la s s  c l o  
patches and using an Epon 946 r e s i n  system. The r e p a i r  of these  holes  wa 
of i n t e r e s t  s ince  such holes would be necessary f o r  execution of any CBS 
r e p a i r s  i n  the  forward domes. The loca t ions  of 39 s t r a i n  gages with re- 
spec t  t o  t h e  motor case a r e  shown i n  Figures 80 and 81. 

On November 3,  1967, the  motor was s t a t i c a l l y  f i r e d  a f t e r  
being conditioned a t  75 2 5°F f o r  a minimum of 120 hours. 
formed normally and the re  was no evidence of f a i l u r e  a t  t he  defec ts .  
i g n i t i o n  maximum pressure  was 433 ps i ?  and the  progressive maximum was 
376 ps ia .  

The motor per- 
The 

A review of the  s t r a i n  gage da ta  ind ica ted  a high s t r a i n  read 
ing in s ide  Defect No. 1. A t  a pressure  of 376 ps i a ,  the  hoop s t r a i n  was --.-----.-~--"--"--"_^__-_ ~ - - ~  
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6 seconds l a t e r  i n  the  f i r i n g  the maximum s t r a i n  of 1.57% was a t t a ined  eve 
though the pressure had decreased s l i g h t l y .  
some f a i l u r e  occurring i n  the remaining unsevered f i b e r s .  Other gages on 
the forward dome indicated t h a t  the  two holes  were repaired successful ly .  
Figure 10 is  a p o s t f i r i n g  p i c tu re  of two of the defec ts .  
83 a r e  p i c tu re s  of Defect No. 1. A l a rge  amount of r e s i n  crazing i s  v i s i  
i n  t he  remaining undefected mater ia l  on the  underside view. 
the cy l ind r i ca l  sec t ion  s t r a i n s  a t  s imi la r  pressures  during the  s t a t i c  f i r  
ing i s  shown i n  Table 28. The t ab le  demonstrates t h a t  i n  a l l  cases  the 
s t r a i n s  a r e  higher f o r  pressures  during the  regress ive  port ion of the  pres  
sure  versus t i m e  curve. However, the  magnitude of these d i f f e r e n c e s , i s  i 
most cases not  very s ign i f i can t .  These differences,  espec ia l ly  i n  the  f o r  
ward por t ion  of the motor, a r e  probably due t o  the loss of support from t h  
burned propel lant .  I 

This would tend t o  ind ica t e  

Figures 82 and 

A compariso 

i. X248 A5S S/N NPP-261 

After  the f i r i n g  of NPP-257, i t  was decided t h a t  fu tu re  
cy l ind r i ca l  sec t ion  de fec t s  would completely penetrate  the chamber. 
reasons f o r  t h i s  decis ion are as follows: 
be accurately assessed as t o  e i t h e r  t h e i r  depth o r  the condition of re 
ing uncut f i b e r s ,  (2) reproducib i l i ty  of defec ts  i s  l imited by surface 
va r i a t ions ,  (3) any machining problems would be eliminated, (4) a defe  
completely through the case would be easier t o  analyze, and (5) i f  a 
which i s  completely through a chamber can be repaired,  then i t  can be 
conservatively assumed t h a t  the s a m e  s i z e  pa r t i a l  defec t  can be repa i  
with the same repa i r  patch. 

(1) the p a r t i a l  gouges can 

The de fec t s  i n f l i c t e d  i n  the cy l ind r i ca l  sec t ion  of the case 
were as follows: 

Defect No. 1 - 2.50 in .  long x 0.10 i n .  wide x 100% deep, located a t  0",  
8.0 in .  and 10.5 in .  a f t  of the forward doubler. 

Defect No. 2 - 2.50 in .  long x 0.10 in .  wide x 100% deep, located a t  O",  
16.5 in .  and 19.0 in .  a f t  of the forward doublers. 

The two de fec t s  were repaired with a four-ply S/81-901 f i n i s h  g l a s s  c lo th  
patch and Epon 946 r e s i n  system. The loca t ions  of the 20 S t r a in  gages 
with respect  t o  the  chamber are shown i n  Figure 84. 

On January 2, 1968, the motor was s t a t i c a l l y  f i r e d  a f t e r  
having been conditioned at 75 + 5OF. f o r  a minimum of 120 hours. 
was 
the sure  w a s  356 p s i a .  A v i s u a l  
the a successful  r epa i r  of the 

The mo 
i g n i t i o n  m a x i m u m  pressure w a s  402 p s i a  and 

I. . ~ . .. 
, -. - x  
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c a l  s ec t ion  i s  shown i n  Figure 23. 
mal s t r a i n s  along the  case fo r  355 ps i a  i s  a l so  included i n  the  f igu re .  
The maximum s t r a i n  i n  t h e  center  of the  patches was 1.02% a t  t h i s  pres  
The s t r a i n s  over the  f i r s t  repaired defec t ,  which was located nearer the  
forward end, l a g  t h e  s t r a i n s  over t he  second repa i red  defec t  because of 
t he  support provided by t h e  propel lan t  i n  the  forward sec t ion  of t he  
A s  t he  propel lan t  was consumed, the  d i f fe rence  between the s t r a i n s  a t  the  
two loca t ions  decreased. 

An extrapolated curve of expected nor- 

i 
I Figures 24, 25, and 26 a r e  photomicrographs of the  defec 
1 These p iczutes  ind ica t e  no r e s i n  crazing of the chamber nor any bond f a i l  
1 ure. A p o s t f i r i n g  measurement of the r epa i r  patch ind ica t e s  t h a t  it was 
I 0.126-in. th ick .  
I 
i 
I 

j . X248 A5S S/N NPP-242 

1 The successfu l  f i r i n g  of NPP-261 indicated t h a t  longer defec t  
I could possibly be repa i red  with a four-ply patch. Increasing the  defec t  
I length and successfu l ly  r epa i r ing  it  would a l s o  give an idea of t he  e f f ec  
; of defec t  changes on the  patch s t r a i n  d i s t r i b u t i o n .  
I 

The following defec ts  were machined i n t o  the  motor case: 
I 

Defect No. 1 - 7.50 i n .  long x 0.10 i n .  wide x 100% deep, located a t  0", 
14.5 i n .  and 22.0 i n .  a f t  of t he  forward doubler. 

i 

t 

1 face. 

Defect Nos. 2 and 3 - 0.375-in.-diameter holes completely through the  domd 
1 located a t  90" and 270" and 2.125 i n .  forward ho r i zop ta l ly  from the  doubl 

Defect Nos. 2 and 3 a r e  addi t iona l  va l ida t ion  of the  r e p a i r  of ho les  i n  
the  forward dome. Defect No, 1 was repaired with a four-ply g l a s s  c l o t h  
patch and Defect Nos. 2 and 3 were repa i red  with three-ply g l a s s  c l o t h  
patches. The loca t ions  of the  25 s t r a i n  gages on the  motor a r e  shown i n  
Figure 85. I n  addi t ion  t o  the  three  de l ibe ra t e ly  i n f l i c t e d  defec ts  men- 
tioned above, t h i s  motor a l s o  possessed one "natural 'f defec t ,  a r a d i a l l y  
or ien ted  gouge, 3.25 i n .  long x 0.05 i n .  wide x 0.02 in .  deep (estimated) 
i n  t h e  forward dome. This defec t  was not  repa i red .  

I 

I 
' being conditioned t o  75 2 5°F f o r  a minimum of 120 hours. Performance wa 
~ s a t i s f a c t o r y  f o r  13.5 seconds, a t  which t i m e  t h e  chamber ruptured i n  the  
! a f t  dome a t  a pressure  of 390 ps ia .  The test was considered a success 

s ince  one of the  prime objec t ives  of t h i s  program was t o  develop a r e p a i r  
technique t h a t  would withstand 350 ps i a .  Hydrotest pressure f o r  empty 
X248 chambers i ps ig  (395 ps i a ) .  Furthermore, t h i s  chamber was prod 

111-"1-- ..-...--.-pl 

/ 
The motor was s t a t i c a l l y  f i r e d  on January 31, 1968, a f t e r  i 
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fabr ica tors )  were having a high r a t e  of chamber f a i l u r e s  during hydrotest .  
ing. Examination of t h e  motor a f t e r  f i r i n g  led t o  t h e  conclusion t h a t  tht 
rup ture  was not associated with t h e  de fec t s  or  t h e i r  r e p a i r s .  

A p l o t  of t h e  hoop s t r a i n  versus pressure  along the cy l ind r i -  
c a l  s ec t ion  i s  shown i n  Figure 27. The maximum patch s t r a i n  a t  390 ps ia  
was 1.83% andewas located a t  the  midpoint of t he  defec t .  Figure 28 i s  a 
p o s t f i r i n g  p i c t u r e  of the a f t  end f a i l u r e .  

k. X248 A6 S/N NPP-475 

The successful r e p a i r  of t h e  7.5-in.-long defec t  i n  motor 
NPP-242 indica ted  the  optimum number of p l i e s  required f o r  a r e p a i r  might 
be three .  Therefore, t he  following de fec t  was i n f l i c t e d  i n  the  cy l ind r i -  
c a l  s ec t ion  and was repa i red  with a three-ply f i b e r g l a s s  c l o t h  patch. 

Defect No. 1 - 7.50 i n .  long x 0.10 i n .  wide x 100% deep located a t  0", 
14.5 in .  and 22.0 in.  a f t  of t he  forward doubler. 

The r e s u l t s  of t h i s  f i r i n g  were t o  be compared t o  the  r e s u l t s  of S/N NPP- 
242 t o  determine the  optimum number of p l i e s  required f o r  a defec t  t h a t  
completely pene t ra tes  t h e  c y l i n d r i c a l  s ec t ion  of a motor case .  The loca- 
t i o n  of the  31 s t r a i n  gages with r e spec t  t o  the  motor a r e  shown i n  Figure 
86. 

The motor was s t a t i c a l l y  f i r e d  on February 23, 1968, a f t e r  
The motor being conditioned a t  75°F 5 5°F f o r  a minimum of 120 hours. 

performance was normal u n t i l  the  t i m e  of f a i l u r e .  The motor f a i l e d  a f t e r  
26.5 seconds of burning a t  a pressure of 340 ps ia .  The i g n i t i o n  maximum 
pressure was 412 ps i a ,  and t h e  progressive maximum pressure  was 351 ps i a .  
The maximum hoop s t r a i n  on the  patch occurred a t  the  center  of the  defec t  
and was equal t o  2.68% a t  t he  progressive maximum pressure.  
the  hoop s t r a i n  versus pressure f o r  t he  s t r a i n  gages over the  de fec t  i s  
shown i n  Figure 31. 

A p l o t  of 

The f a i l u r e  of t h i s  motor was due t o  a t h i n  bond layer  betwee 
This t h i n  bond layer  was a t t r i  the  f i r s t  c l o t h  ply and the  chamber wal l .  

buted t o  t he  method employed i n  applying the  c l o t h  p l i e s .  A measurement 
of the patch indicated a thickness of 0.063 in.  This i s  about 0.008 i n .  
thinner than the three-ply patch on NPP-257. This finding, p lus  the  f a c t  
t h a t  a ply  of c l o t h  i s  approximately 0.010 in .  th ick ,  ind ica tes  t h a t  NF'P- 
475 had approximately 17.5% less r e s i n  i n  the  patch. 

Figure 33 i s  a sequence of s i x  motion p i c t u r e  frames of the 
repaired defec t .  These frames a r e  a t  i n t e r v a l s  of 1/1000 sec.  These 
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patch a t  t he  end of the second ply. This f a i l u r e  a t  t he  end of t h e  second 
p ly  indicated t h a t  a shear f a i l u r e  had occurred. Because the load could 
not be ca r r i ed  by the  l a s t  ply,  it t o r e  a t  i t  weakest point.  Figure 32A 
and B a r e  top and underside p o s t f i r i n g  p i c tu r  s of the  r e p a i r  patch. I n  
the  underside view, t h e  a reas  of t he  t h i n  bond l aye r  a r e  shown. A s  shown 
by Figure 87, t h e  patch was s t i l l  p a r t i a l l y  bonded t o  the  case on the  one 

j theory. Frame 2 shows the  f i r s t  s igns  of f a i l u r e  wi th  the  t ea r ing  of the  

/ s ide  of t he  de fec t .  
I 
1 

1. X248 A6 S/N NPP-425 1 
I 
I 

The r e s u l t s  obtained from the  250 in .  long and 7.5 i n .  long de- 
f e c t s  i n  the  preceding motors ind ica ted  t h a t  the  load ca r r i ed  by the  patch 
was a maximum a t  the  center .  It i s  believed t h a t  f o r  a c e r t a i n  length of 
defec t  t he  load w i l l  be ca r r i ed  more evenly along the  patch. The test  of 
NPP-425 was thus an attempt t o  simulate t h i s  s i t u a t i o n  which w e  r e f e r  t o  
a s  i n f i n i t e  length de fec t .  The motor had the  following defec t  machined 
i n t o  the  c y l i n d r i c a l  s ec t ion  and was located d i r e c t l y  over t he  r a d i a l  s l o t  

' Defect No. 1 - 15.0 in .  long x 0.10 i n .  wide x 100% deep, located a t  52%", 

1 9.5 in .  t o  24.5 in .  a f t  of the  forward doubler. 

This defec t  would a l s o  help t o  determine both the  maximum length defec t  
t h a t  i s  r epa i r ab le  and the  s t r a i n  d i s t r i b u t i o n  along the  length of t he  
longer defec t .  The de fec t  was repa i red  with a four-ply g l a s s  c l o t h  patch 
and Epon 946 r e s i n  system. The loca t ions  of the  33 s t r a i n  gages with re- 
spect t o  the  chamber a r e  shown i n  Figure 88. 

I 

The motor was s t a t i c a l l y  f i r e d  March 22, 1968, a f t e r  being 
exposed t o  75 5 5°F f o r  a minimum of 120 hours. 
patch a f t e r  12.5 seconds of burning. The pressure a t  f a i l u r e  was 351 ps i a  
The maximum i g n i t i o n  pressure  was 435 ps i a .  The patch f a i l u r e  was a shear 
f a i l u r e  between t h e  f i r s t  p ly  and the  f i b e r g l a s s  chamber r a t h e r  than a 
t e n s i l e  f a i l u r e  of t h e  patch. The pressure-time curve exhibited no anoma- 
l ies up t o  t h e  t i m e  of patch f a i l u r e ,  The water quench system was unable 
extinguish the  propel lan t  completely u n t i l  i t  had burned i n  the top p a r t  o 
the  u n i t .  

The motor f a i l e d  a t  the  

A measurement of the patch indicated a thickness of 0.088 in .  

Review of t he  motion p i c tu re  
This i s  about 0.038 in .  thinner than the  four-ply r e p a i r  on NPP-261, ind i -  
cating. a lack  pf r e s i n  i n  the  r epa i r  patch. 
frames before the  f a i l u r e  ind ica t e s  t h a t  the  patch f a i l u r e  occurred much 
t h e  same a s  the  f a i l u r e  of NPP-475. Figures 36A and 36B a r e  p i c tu re s  of 
the  patch. 
The lack of r e s i n  i s  apparent i n  the  underside view of t he  patch. 
89 and 90 a r e  p o s t f i r i n g  p i c t u r e s  of the  motor. 

The t e a r  of the  patch is  not  located d i r e c t l y  over t he  de fec t .  
Figures 
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The fragmentary s t r a i n  da ta  obtained ind ica t e  t h a t  t he  maximum s t r a i n  a t  
the  defec t  cen ter  was 1.86% a t  351 ps i a .  
the  s t r a i n  on NPP-475 a t  bu r s t .  A p l o t  of t h e  s t r a i n s  vs pressure along 
t h e  defec t  i s  shown i n  Figure 91. 
of shear f a i l u r e  i n i t i a t i n g  under the  forward end of t he  patch.  The in-  
c rease  i n  s t r a i n  on the  outer  ply over a s imi l a r  gage located i n  the  a f t  
end of t he  patch po in t s  ou t  t h i s  p o s s i b i l i t y .  

This s t r a i n  was much lower than 

This f igu re  demonstrates t he  p o s s i b i l i  

m. X248 A6 SIN NPP-445 

I n  t h e  c y l i n d r i c a l  s ec t ion  of the X L 4 8  chamber, t he  hoop load 
ing i s  twice as  high a s  the  a x i a l  loading. Therefore longi tudina l  defec t  
a r e  more c r i t i c a l  t o  the  chamber's i n t e g r i t y .  The test  of NPP-445 served 
a s  a demonstration of t he  a b i l i t y  t o  r epa i r  c i rcumferent ia l  gouges. 
following two defec ts  were i n f l i c t e d  i n  the c y l i n d r i c a l  s ec t ion  of the 
motor: 

The 

Defect No. 1 - 7.5 in .  long x 0.1 i n .  wide x 100% deep, located 22.0 in .  
a f t  of t he  doubler and centered a t  90'. 

Defect No.  2 - 7.5 i n .  long x 0.1 i n .  wide x 100% deep, located 22.0 in .  
a f t  of the doubler and centered a t  270". 

Since these  c i rcumferent ia l  defec ts  were not a s  c r i t i c a l  as  s imi l a r  longi 
tud ina l  defec ts ,  Defect No .  1 had a four-ply patch and Defect No. 2 had a 
three-ply patch. It was f e l t  t h a t  t he  three-ply patch was adequate t o  re  
p a i r  the defec t .  Comparisons of s t r a i n  magnitudes with 3- and 4-ply pa tc  
and comparisons of s t r a i n  pa t t e rns  and magnitudes with typ ica l  repaired 
longi tudina l  defec ts  were sought i n  t h i s  tes t .  The loca t ions  of the  42 
s t r a i n  gages with r e spec t  t o  the motor a r e  shown i n  Figures 92 and 93. 

The motor was s t a t i c a l l y  f i r e d  Apr i l  17, 1968, a f t e r  being ex 
posed t o  75 2 5°F f o r  a minimum of 120 hours. The f i r i n g  was successful,  
and test  objec t ives  were m e t  with a fu l l -du ra t ion  (34.6 seconds) motor 
burn t i m e .  Maximum sustained pressure was 369 ps i a ,  which i s  19 ps i a  abo 
the  test ob jec t ive  of 350 ps ia .  N o  i nd ica t ion  of f a i l u r e  of the repaired 
defec ts  was evident upon v i sua l  examination a f t e r  f i r i n g .  
maximum pressure  was 418 ps i a .  

The i g n i t i o n  

Figure 46 is  a comparison of the  a x i a l  s t r a i n s  i n  the  two de- 
f e c t s  a t  maximum pressure.  A s  expected, t he  s t r a i n s  on the  three-ply re- 
p a i r  a r e  higher than on the  four-ply r epa i r ,  bu t  t he  three-ply patch prov 
an adequate r e p a i r  f o r  a 7.5-in.-long c i rcumferent ia l  defec t .  The magni- 
tudes of t he  s t r a i n s  a r e  much lower than the  magnitudes found on longi- 
tud ina l  r e p a i r s  because of lower a x i a l  loads. This successful f i r i n g  
demonstrated the  capab i l i t y  of r epa i r ing  a 7.5-in.-long, c i rcumferent ia l1  
or ien ted  gouge, a s  described above, t o  withstand t h e  patch design c r i t e r i  
of 350 ps i a  f i r i n g  pressure.  
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The next type of defec t  t o  be i n f l i c t e d  i n  a chamber was one i 
which longitudinal and c i rcumferent ia l  defec ts  were combined. These combi- 
na t ion  de fec t s  were i n  the  

~~ 
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form of r i g h t  angles and a r e  described a s  

Defect No. 1 - A longi tudina l  l e g  7.5 i n .  long x 0.10 i n .  wide x 100% deep 
located a t  5 7 y  between 14.5 in .  and 22.0 i n .  a f t  of t he  forward doubler 
face. 
21.95 in .  a f t  of the forward doubler and between 57%" and 105%". 

A c i rcumferent ia l  l eg  7.5 i n .  long x 0.10 in .  w i d e  x 100% deep - 

Defect No. 2 - A longi tudina l  leg  5.3 i n .  long x 0.10 i n .  wide x 100% deeF 
located a t  237y  between 16.7 i n .  and 22.0 in .  a f t  of t he  forward doubler 
face.  A c i rcumferent ia l  l eg  5.3 i n .  long x 0.10 in .  wide x 100% deep - 
located a t  21.95 i n .  a f t  of t he  forward doubler and between 237%" and 271; 
(This de fec t  was s ized  t o  give a 7.5-in.-long diagonal.) 

A p i c t u r e  of Defect No. 1 i s  shown i n  Figure 94. Figure 95 
i l l u s t r a t e s  the  defec ts  and t h e i r  loca t ions  with respec t  t o  the  chamber. 
Both defec ts  were repa i red  u t i l i z i n g  four-ply g l a s s  patches. X-rays of 
the  r e p a i r s  of these  two de fec t s  indicated numerous voids i n  both of the  
patches but  the  Defect No. 2 r e p a i r  patch has many more than Defect No. 1. 
The voids, located mainly between the  various f i b e r g l a s s  c l o t h  p l i e s ,  re- 
su l t ed  when the  patching procedure was changed i n  an attempt t o  eliminate 
the shear f a i l u r e s  between the patch and the  chamber wal l  experienced on 
NPP-475 and NPP-425. The change (applying r e s i n  t o  the g l a s s  c l o t h  p l i e s  
before pu t t ing  them on the  charnber r a t h e r  than applying the  c l o t h  patches 
dry and bleeding the  r e s i n  through) was intended t o  increase the  r e s i n  
thickness between the  chamber and the  f i r s t  p ly  of the  patch. The r e s i n  
thickness was increased, but voids occurred between p l i e s  of the  patch, 
thereby decreasing t h e  t e n s i l e  s t r eng th  of the patch a s  a r e s u l t  of ab- 
normal load d i s t r i b u t i o n .  
s t r a i n  gages with respec t  t o  the  motor chamber. 

Figures 96 and 97 show t h e  loca t ions  of the  44 

On May 23, 1968, the  motor was s t a t i c a l l y  f i r e d  a f t e r  being 
conditioned a t  75 2 5°F f o r  a minimum of 120 hours. The s t a t i c  f i r i n g  of 
the motor r e s u l t e d  i n  f a i l u r e  a t  Defect No. 2 a f t e r  16.5 seconds of f i r i n )  
The pressure a t  f a i l u r e  was 348 ps i a .  The f a i l u r e  of t he  patch was i n  
tension d i r e c t l y  over t h e  defec t .  P l o t s  of s t r a i n  versus pressure a r e  
shown i n  Figures 47 and 48 f o r  the  two defec ts .  The c i rcumferent ia l  de- 
f e c t s  a r e  a t  t h e  r i g h t  hand edges of the  de fec t s  t h a t  a r e  depicted i n  the  
f igu res .  The s t r a i n  p a t t e r n  i n  Figure 48 demonstrates the  e f f e c t s  of t he  
vpids i n  t h e  patch on t h e  s t r a i n  readings. The s t r a i n  values on the  5.3- 
i n ,  defec t  a r e  much higher than t h e  s t r a i n  on the  7.5-in. defec t .  The 
s t r a i n  p a t t e r n  a l s o  shows s igns  of f i b e r  f a i l u r e s  i n  the  lower p l i e s .  Thc 
f a i l u r e s  a r e  evident when t h e  change i n  s t r a i n  i s  compared t o  the  change 
i n  pressure.  The s t r a i n  p a t t e r n  i n  Figure 47 shows the  maximum s t r a i n  t o  
be approximately 1.3%. I n  the  area of t he  c i rcumferent ia l  defec t ,  the  
s t r a i n s  a r e  reduced by the  c l o t h  reinforcement t o  the  r i g h t  of t he  defec t  
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~ small. These s t r a i n s  a r e  p lo t t ed  i n  Figures 49 and 50. A p i c t u r e  of the  
' f a i l u r e  is  shown i n  Figure 51. 

Even though t h e  q u a l i t y  of t he  patches on t h i s  u n i t  was much 
lower than previously obtafned, t he  r e p a i r  f a i l e d  very near the  design 
c r i t e r i a  of 350 ps i a  f i r i n g  pressure.  
t h a t  defec ts  of t h i s  magnitude can be repa i red  t o  withstand the  normal 
f i r i a g  pressure f o r  X248 u n i t s  of 240 t o  250 ps i a .  
patch i n  tension ind ica t e s  t h a t  t h e  problem of shear f a i l u r e s  between 
chamber and patch can be solved. 

This r e s u l t  f u r t h e r  demonstrates 

The f a i l u r e  of t h i s  

0. X248 A10 S/N Y-195 

Motor Y-195 had the  only Rocky Hi l l - fabr ica ted  chamber i n  the . It has the  s a m e  winding geometry as the BS&B A6 chamb 

The motor had four de fec t s  i n f l i c t e d  i n  the  c y l i n d r i c a l  section., 
These de fec t s  w e r e  designed t o  study the  e f f e c t s  of widening de fec t s  beyond 
the  0.10-in. width t h a t  had been used i n  a l l  previous defected motors. 

The de fec t s ,  i l l u s t r a t e d  i n  Figure 981were as follow 

Defect No. 1 - 2.50 in .  long x 0.4 i n ,  wide x 100% deep, l oca t e  
between 6.5 and 9.0 in .  a f t  of the  forward doubler face. 

Defect No. 2 - # -  2.50 in.  long x 0.8 in .  wide x 100% deep, l oca t e  
between 6.5 and 9.0 in .  a f t  of the  forward doubler face. 

Defect No. 3 
between 16.5 and 24.0 in .  a f t  of t he  forward doubler face. 

Defect No. 4 - 7.50 in .  long x 0.2 in.  wide x 100% deep located 
between 16.5 and 24.0 in .  a f t  of t he  forward doubler face.  

A l l  the  de fec t s  were repa i red  with four-ply patches. However, t h  
technique was  again modified. The coating of the  p l i e s  with r e s i n  b 
applying them was  eliminated. The r e s i n  was  once again permitted t o  

- 7.50 in .  long x 0.4 in .  wide x 100% deep loeated a t  52%' 

ious ly  been used. X-ray inspec t ion  ind ic  
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func t ion  i n  t h e  recording system a t  i gn i t i on ,  a l l  t ape  data and approxi- 
mately the  f i r s t  t e n  seconds of v i s icorder  records were l o s t .  The approxi 
pressure a t  b u r s t  (taken from t h e  v i s i co rde r  t races)  was between 385 t o  39 
p s i a .  

An examination of t he  s t r a i n  gage da ta  ind ica ted  t h a t  t he  
f a i l u r e  s t a r t e d  i n  the  area of straLn gage No. 20 (see Figure 100). Gage 
Nos. 25 and 26 a l s o  had high s t r a i n s  during the  f i r i n g .  The s t r a i n  gage 
data ind ica t e  a rap id  change immediately before the  f a i l u r e .  Since the  
gages were no t  located over the  center  of the  de fec t  they should not  have 
been s t r a ined  more than the  middle gage. This leads t o  t h e  ind ica t ion  
t h a t  t he re  was probably f a i l u r e  of f i b e r s  i n  the  lower p l i e s  i n  t h i s  a rea .  

Figures 37 through 40 a r e  p i c tu re s  of the  defec t  r epa i r  and 
motor f a i l u r e .  A p o s t f i r i n g  inspection of t he  r e p a i r  indicated t h a t  the 
patch f a i l e d  d i r e c t l y  over the  defec t .  A s  Figure 40 emphasizes, t he  outer 
90” layer  of chamber g l a s s  was s t i l l  bonded t o  the  chamber, thus ind ica t i r  
t h a t  the  patch adhered t o  the  chamber. 
t o  t he  patch a l s o  ind ica t e s  t h a t  t he  bond between the  patch and chamber 
was b e t t e r  than t h a t  between the  ind iv idua l  chamber l aye r s .  The evidence 
would thus s e e m  t o  ind ica t e  t h a t  t he  f a i l u r e  was i n  the  patch and occurrec 
much the  same a s  the  previous f a i l u r e  caused by voids i n  the  patch. 

The attachment of t he  90” f i b e r s  

Comparison between the  s t r a i n s  fo r  2.50-in.-long defec ts  with 
varying width i s  shown i n  Figure 41. The 0.8-in.-wide defec t  i nd ica t e s  
t h a t  s t r a i n  increases  with increasing width. However, the  0.4-in.-wide 
de fec t  does n o t  support t h i s .  This may be due t o  a lower stress l e v e l  i n  
the  AZO chamber than i n  t h e  A5. Also, the  defec ts  i n  the Y-195 chamber 
a r e  1.7’in. c lose r  t o  the  doubler, thus possibly a f f e c t i n g  the  s t r a i n  
p a t t e r n  on the  patch. 

Figures 42 through 45 a r e  p l o t s  of t he  s t r a i n  vs .  pressure foi 
the  four de fec t s  i n  the  chamber. The rap id  changes i n  the  s t r a i n  a r e  ev i -  
dent on the  7.50-in.-long x 0.20-in.-wide defec t ,  ind ica t ing  a f a i l u r e  wat 
occurring somewhere wi th in  the patch. N o  comparison was made between the  
7.50-in.-long de fec t s  due t o  t h e  lack of data po in t s  and t h e  f a i l u r e  of 
t he  one de fec t .  

p .  X248 A6 S/N NPP-463 

The motor NPP-463 was t h e  f i n a l  motor t o  be t e s t e d  i n  the  de- 
f e c t s  program. This motor was used t o  inves t iga t e  combinations of longi- 
tud ina l  and c i rcumferent ia l  defec ts  t o  form square defec ts .  The two 
square defec ts  were a s  follows: 

a t e  



" T K f  eT-lE"T- - - ~ o - T ' i j ? k i g i - s ~ d ~ ~ ~ 5 - i ~ - l ~ ~ ~ ~ ~ ~ - i ~ d - ~ ~ ~  
deep located a t  5 7 v  and 106" between 14.55 i n .  a f t  and 21.95 i n .  a f t .  Tw 
c i rcumferent ia l  s ides  7.5 i n .  long x 0.1 in .  w i d e  x 100% deep, located be- 
tween 575" and 106" a t  14.55 in.  ard 21.95 i n .  a f t .  

Defect No.  2 - Two longi tudina l  s i d e s  5.3 i n .  long x 0.10 in .  wide x 100% 
deep located between 16.7 i n .  a f t  and 22.0 in .  a f t  and a t  237%" and 271%". 
Two c i rcumferent ia l  s ides  5.3 i n .  long x 0.10 i n .  wide x 100% deep located 
between 237%" and 271%" a t  16.75 i n .  and 21.95 i n .  a f t .  

These two de fec t s  a r e  e s s e n t i a l l y  an approach t o  area de fec t s .  A p ic tu re  
of Defect N o .  2 i s  shown i n  Figure 101. Figure 102 i s  an i l l u s t r a t i o n  of 
t he  defec ts  and t h e i r  loca t ions .  
g l a s s  c l o t h  patches. Five p l i e s  were used t o  ensure the  success of the  
f i r i n g  because not  much information was ava i l ab le  on such la rge  area de- 
f e c t s .  The square pieces of f i b e r g l a s s  were not  removed from t h e  case s i r  
t h i s  removal might have caused a case bond separation. The X-ray inspec t i  
indicated a small number of voids i n  both patches. The loca t ions  of the  4 
s t r a i n  gages with r e spec t  t o  the  chamber a r e  shown i n  Figure 103. 

Both defec ts  were repa i red  with five-ply 

The motor was s t a t i c a l l y  f i r e d  on June 28, 1968, a f t e r  being 
conditioned a t  a temperature of 75 2 5°F f o r  a minimum of 120 hours. 
motor f i r e d  without mishap. The maximum i g n i t i o n  pressure was 412 ps ia  
and the  maximum progressive pressure was 388 ps i a .  

The 

Figures 52 and 53 present  t he  s t r a i n s  r eg i s t e red  by the  gages 
a t  the  maximum pressure of 388 ps ia  €or the  two square defec ts .  The s t r a j  
do not appear t o  be high i n  any a rea .  The lower s t r a i n s  a t  the  center  arc 
due t o  the  added s t i f f n e s s  of t he  f i b e r g l a s s  p l a t e  beneath the  patch. 
Axial s t r a i n s  were q u i t e  low a s  was expected. 

Tables 13 and 14 show comparisons of s t r a i n s  6n Defect Nos. 1 
and 2 f o r  s imi l a r  pressures during t h e  f i r i n g .  The t ab le s  demonstrate th: 
the  s t r a i n s  a r e  higher i n  most cases during the  regress ive  por t ion  of t he  
pressure vs .  t i m e  curve. I n  Table 13, t h e  hoop gages a t  the  cen te r s  of 
the  longi tudina l  defec ts  show the  most increase  i n  s t r a i n .  This increase  
may be p a r t i a l l y  due t o  v i s c o e l a s t i c  e f f e c t s  wi th in  the  patch and t o  the  
change i n  g r a i n  conf igura t ion  a s  t he  f i r i n g  progresses. 

4. Dome Repair Study 

The X248 dome proved t o  be unsui tab le  f o r  t he  development of a 
dome r e p a i r  technique. Preliminary tests u t i l i z i n g  f i v e  6-in.-diameter 
b o t t l e s  and e i g h t  3-in.-diameter Picatinny b o t t l e s  had been performed t o  
determine t h e  f e a s i b i l i t y  of candidate r e p a i r  mater ia l s  and r e p a i r  tech- 
nique. These tests ind ica ted  t h a t  add i t iona l  t e s t i n g  would be necessary 
t o  demonstrate the  f e a s i b i l i t y  of dome repa i r s .  Therefore, t he  developmei 
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of a r e p a i r  technique and evaluat ion of r epa i r  mater ia l s  f o r  e l l i p t i c a l  
dome defec ts  were invest igated with a 6-in.-diameter b o t t l e  program. 
main objec t ive  of t h i s  program was t o  determine i f  the  technique and ma- 
t e r i a l s  could provide a r epa i r  which would be appl icable  t o  f u l l - s c a l e  
motors. The secondary object ives  were: (1) t o  determine whether i n f l i c t e l  
dome damage could be duplicated,  (2) t o  e s t a b l i s h  addi t iona l  information 
concerning s t rength  degradation f o r  a spec i f i c  defec t  i n  the  dome, and 
(3) t o  determine damage l i m i t s  f o r  which r epa i r  i s  feas ib le .  

The 

a .  Bo t t l e  Fabricat ion 

This phase of the chamber r epa i r  program was set  up t o  u t i l i z e  
24 b o t t l e s .  These b o t t l e s  were the same a s  the 1/8 sca l e  Po la r i s  A3 seconl 
s tage  b o t t l e s  c i t e d  i n  Reference 3 .  
which made t h e  b o t t l e  "dome-critical .I1 

These b o t t l e s  had a winding geometry 

Figure 104 i l l u s t r a t e s  both the winding geometry and d i  

The winding geo 

The b o t t l  

of the bo t t l e s .  A t o t a l  of* 26 b o t t l e s  w e r e  wound using single-end 
g l a s s  with an Epirez 504/'Epicure 855 r e s i n  system. 
consis ted of th ree  l aye r s  of 11' h e l i c a l  windings and e i g h t  layers  
hoop windings wound sequent ia l ly  on a Styrofoam mandrel. 
numbered according t o  order  of fabr ica t ion .  

The f ab r i ca t ion  of the b o t t l e s  proceeded according t o  the 
3 

following f i v e  s teps:  

(1) Styrofoam mandrels w e r e  constructed and machined 

(2) Pole pieces  were inser ted  and the mandrel was  
covered with two rubber balloons. 

The three layers  of 11" h e l i c a l s  and e igh t  layers  
of 90" hoops were wound sequent ia l ly  over the 

These b o t t l e s  were allowed t o  B-stage a t  room temper- 
a tu re  f o r  24 hours. 
a t  250"Ffior two hours and conditioned a t  ambient 
temperature and humidity f o r  several  weeks. 

(3) 

(4) 
They were then cured i n  an oven 1 

! (5) The Styrofoam mandrels w e r e  dissolved with a c  
- r l  --. 

b. Bottle Testing 
I 

the 26 b o t t l e s  t h a t  were wound, 24 were used f o r  the  t e s t i n ,  
l e  Nos. 1 and 12 were eliminated because No. 1 was much heav 
a s  much l i g h t e r  than the other  b o t t l e s ,  ind ica t ing  a d is -  
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Thgee groups of tests were conducted. Group I tests consistec 

of the  hydrobursting of nondefected b o t t l e s .  Gr&p I1 tests consisted of 
t he  hydrobursting of defected b o t t l e s .  Group 111 tests cons is ted  of the  
hydrobursting of defected and repa i red  b o t t l e s .  

(1) Group I: Hydroburst of Undamaged Bo t t l e s  

Six nondefected b o t t l e s  were randomly se l ec t ed  and then 
hydroburst t o  determine the  average bu r s t  s t r eng th  of t he  dome-critical 
b o t t l e s .  The b o t t l e s  were hydroburst a t  a p re s su r i za t ion  r a t e  of 50 p s i /  
sec.  A l l  t he  f a i l u r e s  occurred i n  the  area of the  pole  p ieces .  These 
f a i l u r e s  were caused by the  breaking of fi laments which allowed the  pole 
piece t o  be e jec ted .  A p ic tu re  of a t y p i c a l  f a i l u r e  i s  shown i n  Figure 1( 
The r e s u l t s  of the  tests a re  shown i n  Table 7. A review of the  bu r s t  prer 
sure  r e s u l t s  i nd ica t e s  f a i r l y  good agreement with the  exception of Bo t t l e  
No. 2. The b u r s t  pressure of Bo t t l e  N o .  2 appears t o  be much higher than 
t h a t  of t he  o thers  i n  the  con t ro l  group. A check of t he  f ab r i ca t ion  data 
ind ica tes  a poss ib le  e r r o r .  
N o .  1 and Bo t t l e  No. 3 were 218 g and 190 g, respec t ive ly .  The amount of 
r e s i n  by weight used i n  Bo t t l e  N o .  2 was approximately the  same a s  the 
amounts used i n  Bo t t l e s  1 and 3 .  These data would seem to  ind ica t e  a 
poss ib le  e r r o r  i n  the  measurement of t he  weight of h e l i c a l  g l a s s  used i n  
f ab r i ca t ion  of Bo t t l e  N o .  2. Therefore, t h e  con t ro l  bu r s t  pressure aver- 
age does not  include the  bu r s t  pressure of Bo t t l e  N o .  2. 
bu r s t  pressure based on the  other f i v e  b o t t l e s  i s  2205 ps ig .  

The weights of h e l i c a l - g l a s s  used i n  Bo t t l e  

The average 

Group 11: Hydroburst of Defected Bot t les  

Six b o t t l e s  were defected and hydroburst t o  determine the  
The defec t  was 0.75 i n  r ep roduc ib i l i t y  of i n f l i c t i n g  a spec i f i ed  defec t .  

long x 0.100 in .  wide x 0.015 i n .  deep and was located 2.00 i n .  from the  
edge of t he  pole piece.  The depth of t he  defec t  was spec i f ied  such t h a t  
no t  more than th ree  of t h e  six h e l i c a l  p l i e s  would be severed. The de- 
f e c t s  were or ien ted  i n  a plane perpendicular t o  the  b o t t l e  ax i s .  This 
was done t o  f a c i l i t a t e  t he  machining and t o  sever t he  maximum number of 
f i b e r s .  The b o t t l e s  were placed on a l a t h e  and the  defec ts  were machined 
with a U-shaped too l .  Af te r  t he  de fec t s  had been machined, t h e  b o t t l e s  
were hydroburst a t  a p re s su r i za t ion  r a t e  of 50 ps i / s ec .  Typical f a i l u r e s  
were due t o  peel-back of t he  de l ibe ra t e ly  severed fi laments,  followed by 
a tension f a i l u r e  i n  the  remaining fi laments.  Figure 14 is  a p i c t u r e  of 
a t y p i c a l  f a i l u r e .  The r e s u l t s  of t h e  b o t t l e  tests a r e  shown i n  Table 8. 

The b u r s t  pressure of b o t t l e  N o ,  9 i s  much lower than the  
o thers .  A check of t h e  dome thickness i n  t h e  area of t he  defec t  i nd ica t e  
a thickness of 0.029 in .  Previous dome thickness measurements indicated 
thickness of 0.032 i n .  i n  the  defec t  a rea .  This ind ica tes  t h a t  only 0.01 
in .  of mater ia l  would be remaining a t  t h e  defec t .  
t h a t  a smal fi laments i n  the  t h i r d  

This would a l s o  mean 

). 



____I-- ____ -"-" _x_--_I_I______."_II___I_ --"------------ 1 possibly weakening t h e  fi laments i n  t h e  t h i r d  p ly  e 
t u r e  f a i l u r e .  Therefore, b o t t l e  N o .  9 was disrega 
sure  ca l cu la t ion .  The average bu r s t  pressure f o r  t he  f i v e  b o t t l e s  i s  1 7 1  
The predicted bu r s t  pressure was 1550 p s i  based upon data taken fromwork 
by Cross(3) on s imi l a r  b o t t l e s .  

(3) Group 111: Repair of I n f l i c t e d  Defects 

Six b o t t l e s  were placed on a l a t h e  and a de fec t  0.75 i n  

The s ix  b o t t l e s  were then 
long x 0.10 i n .  wide x 0.015 i n .  deep and located 2.00 i n .  from the  edge 
of the  pole  p iece  was machined i n t o  each dome. 
divided i n t o  two sub-groups. 
two-ply g l a s s  c l o t h  patch and sub-group 2 with a three-ply r e p a i r .  The 
r e p a i r  cons is ted  of Owens-Corning S-82 f i b e r g l a s s  c l o t h  with a 901 f i n i s h  
and an Epon 946 r e s i n  system. These same mater ia l s  had been used to repa 
defec ts  i n  t h e  c y l i n d r i c a l  and dome sec t ions  of X248 motors. 

Sub-group 1 b o t t l e s  were repaired with a 

The r e p a i r  of sub-group 1 b o t t l e s  consisted f i r s t  of sar 
ing t h e  sur face  surrounding each defec t  to promote b e t t e r  bonding, ca re  1: 
taken to avoid abrasion of the g l a s s  fi laments.  Epon 946 (15 p t s  B t o  1 C  
p t s  A) was allowed to stand f o r  20 minutes a t  ambient conditions,  then 
brushed on each sanded sur face  and on the  surface of each g l a s s  p ly  a s  i t  
was l a i d  i n  pos i t ion .  Each ply was 3 i n .  long and 2 k i n .  wide. The f i r s t  
p ly  was or ien ted  i n  the  d i r e c t i o n  of t h e  outermost p ly  of fi laments on the 
dome. The second p ly  was or ien ted  i n  the  d i r e c t i o n  of t h e  second f ibe rg la  
p ly  from outermost surface of t h e  dome ( i . e . ,  a t  + a and - (y, where i s  
t h e  winding angle). The warp d i r ec t ion  of t he  f i b e r g l a s s  c l o t h  i s  o r i en te  
i n  t h e  d i r e c t i o n  of t he  winding angle on the  dome. For a sketch of the  
patch layup, see Figure 106. Each p ly  was finger-pressed to remove en- 
trapped a i r ,  and r e s i n  was applied f r e e l y  to the t o t a l  patch. Af te r  a 16- 
hour ambient B-stage, the  patches were cured i n  an oven a t  200°F f o r  four 
hours. The r e s u l t s  of the sub-group 1 tests a r e  shown i n  Table 9. 

I 
t The sub-group 2 b o t t l e s  were repaired i n  a manner s imi la r  

to t h a t  used f o r  sub-group 1 b o t t l e s  except t h a t  a t h i r d  p ly  was added. 
The t h i r d  ply was or ien ted  with i t s  longest ax i s  perpendicular to t he  de- 
f e c t .  The r e s u l t s  of t h e  sub-group 2 tests a r e  shown i n  Table 10. 

i 
i Post-hydroburst inspection of sub-group 1 b o t t l e s  ind ica t  I 

a patch f a i l u r e  f o r  only one b o t t l e .  
11 a t  a pressure  of 2415 ps ig .  The f a i l u r e  was i n  shear between the patck 

This f a i l u r e  occurred i n  b o t t l e  No.  

j and the dome. 

t Post-hydroburst inspec t ion  of sub-group 2 b o t t l e s  indicat 
no patch f a i l u r e s .  However, two b o t t l e s  had higher than the  average burst 
pressure of the  undefected b o t t l e s .  Dome thickness measurements i nd ica t e  
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thfcker  domes are- due- to- a--hPgher- number-of- ~ ~ - ~ m e n - t s - - i ~ e h e - - d o m e - - a s w ~ ~ -  
indicated by the weight of h e l i c a l s  used i n  the  winding of the b o t t l e s .  

Underside views of successful ly  repaired defec ts  a r e  showr 
i n  Figures 15 and 16. Figure 15  shows a two-ply r e p a i r  and Figure 16 shot 
a three-ply r epa i r .  The l a rge r  amount of crazing t h a t  i s  vis ible  i n  the  
g l a s s  under the  two-ply r epa i r  i nd ica t e s  more inter laminar  shear i s  occur- 
r ing .  

The r e s u l t s  of these  tests ind ica t e  t h a t  a two-ply patch 
i s  capable of r e s to r ing  the  defected b o t t l e s  back t o  their  o r i g i n a l  bu r s t  
pressures .  The remaining s i x  b o t t l e s  were therefore  defected completely 
through the  domes, Three of these  b o t t l e s  were repa i red  with a two-ply 
patch and t h e  remaining th ree  with a three-ply patch. 
hydroburst and the  r e s u l t s  a r e  shown i n  Tables 11 and 12. 

These b o t t l e s  were 

Fa i lures  f o r  the two-ply patches occurred i n  shear betweei 
t h e  patch and t h e  dome. The average bu r s t  pressure f o r  the two-ply patch 
was 1385 psig.  For t h e  three-ply patches,  f a i l u r e  occurred i n  shear f o r  
b o t t l e  Nos. 6 and 19 and a tension f a i l u r e  occurred i n  t h e  patch on bottlc 
No. 22. The average b u r s t  pressure f o r  t he  three-ply patch was 1965 ps ig  
P ic tu re s  of the shear f a i l u r e  i n  b o t t l e  N o .  19 and t h e  tension f a i l u r e  i n  
b o t t l e  No. 22 a r e  shown i n  Figures 17 and 18, respec t ive ly .  

The three-ply r e p a i r  re turned the  b o t t l e s  t o  approximatel: 
89% of t he  o r i g i n a l  average burs t  pressure f o r  t he  undefected b o t t l e s .  TI 
tension f a i l u r e  of t he  three-ply patch a t  2205 ps ig  i n  b o t t l e  No.  22 i n d i  
c a t e s  t h a t  it may be poss ib le  t o  r e t u r n  t h e  Group 111 b o t t l e s  back t o  the 
o r i g i n a l  b u r s t  pressure wi th  a three;ply patch i f  t he  shear f a i l u r e  prob 
l e m  can be overcome. 



5. Mathematical Analyses of Defect and Repair 

A mathematical ana lys i s  was  made t o  study the e f f e c t s  of v a r i a t i o n s  
The of parameters on the stress d i s t r i b u t i o n s  wi th in  the  r e p a i r  patch. 

r e s u l t s  of t h i s  ana lys i s  can be used t o  he lp  eva lua te  and t o  b e t t e r  
understand t h e  r e s u l t s  obtained from the s ta t ic  f i r i n g  of repa i red  
X248 motors. 

The a c t u a l  X248 tes ts  were of a r t i a l ,  complete, and combinations 
of p a r t i a l  and complete de fec t s .  
ana lys i s  of  complete longi tudina l  de fec t s .  The main reasons fo r  t h i s  
r e s t r i c t i o n  are as follows: (a) most of the s t a t i c  f i r i n g  da ta  are 
r e l a t e d  t o  complete longi tudina l  de fec t s ,  (b) the 1 g i t u d i n a l  defec ts  
are more c r i t i c a l  than the c i rcumferent ia l ,  and (c) he p a r t i a l  and 
combination de fec t s  cannot be properly analyzed. 

e ana lys i s  w a s  l imi ted  t o  the 

a. Computer Program 

The r e p a i r  of a defec t  i n  the  X248 f i b e r g l a s s  case was 
analyzed u t i l i z i n g  the Hercules F i n i t e  Element Computer Program. 

This  d i g i t a l  computer program i s  based upon a f in i te -e lement ,  
d i r e c t  s t i f f n e s s  method fo r  obtaining e las t ic  s t r e s s - s t r a i n  so lu t ions  
f o r  bodies of revolu t ion ;  the program can be used t o  analyze two- 
dimensional geometric approximations of the  a c t u a l  three-dimensional 
configuration. A major f ea tu re  of t he  program i s  i ts  capab i l i t y  t o  
consider the o r tho t rop ic  material proper t ies  f o r  a l l  elements. Tem- 
perature  dependence of the or thot ropic  p rope r t i e s  i s  a l s o  automated 
through the  use of  material property input t o  the computer program. 

The Hercules f i n i t e  element computer program comprises four 
func t iona l ly  separa te  sub-programs which perform the  following 
operations: 

(1) generate nodal l oca t ions  of i n t e r i o r  g r i d  ele- 
ments, 

(2) generate ind iv idua l  s t i f f n e s s  matrices and 
loads f o r  the var ious  q u a d r i l a t e r a l  elements 
i n  the g r i d  and s t o r e  them i n  an intermediate 
magnetic tape ,  

(3) assemble ind iv idua l  s t i f f n e s s  matrices gener- 
a t e d  by sub-program (2) and obta in  the composite 
s t i f f n e s s  matrix fo r  t h e  t o t a l  s t r u c t u r e ,  then 
solve f o r  the equilibrium displacement f i e l d ,  and 
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(4) solve for strains and stresses in the finite 
elements through elasticity relationships be- 
tween the strains and displacements and stresses 
and strains. 

In using these analytical techniques, the body under considera 
tion is approximated by an assemblage of quadrilateral elements. The 
corners of each element are described as nodal points. 
element, the displacement field is assumed to have a known linear form 
and is, therefore, given in terms of the unknown nodal displacements. 
Based upon the linear theory of elasticity, stresses are then expressed 
in terms of nodal displacements associated with each element under con- 
sideration together with the applied forces. The procedure is repeated 
for each element of the system. The solution is obtained when minimiza- 
tion associated with the principle of virtual work is accomplished with 
respect to each of the independent unknown nodal displacements. This re 
sults in a system of linear algebraic equations which describe the equi- 
librium state for the body. 
equations yields displacements from which strains and stresses can be ob 
tained. Use of this technique permits a detailed study of overall struc 
tural deformations as well as detailed analyses of movements of individu 
fibers or structural elements within quadrilateral elements. 

Within each 

Solution of the system of linear algebraic 

b. Analytical Model 

The model used for the analysis is an idealization of the 
actual defects and repairs that were present in the X248 motor tests. 
The model is shown in Figure 54.  It is a cross-section of a longitudina 
(i.e., axial) defect and the repair patch. The model contains the indi- 
vidual plies of fiberglass cloth, the bond layer between plies, a defect 
which is completely through the X248 chamber wall, the individual layers 
of fiberglass in the chamber wall, and measurements to indicate the size 
of the elements. Because of the symmetrical condition on either side of 
a repaired defect, only one-half of the defect and repair had to be 
modeled 

Before the analysis could be started,,the moduli of elasticity 
had to be determined for the materials in the model. The method of 
analysis to determine the modulus of elasticity parallel and normal to 
the filaments for the X248 fiberglass case material is based upon Refer- 
ence 5. 
fiberglass properties. Input for these calculations include: (1) layer 
thickness, (2) resin content, (3) winding angle and (4) filament and res 
moduli, Poisson's ratios and densities, The properties of the patch ma- 
terials were obtained from tensile test data. The modulus for a single 
glass cloth ply was used for the various plies in the model. Calculatic 
of the cross modulus was based on a method described in Reference 6. Tl- 

This method has been extended to calculate the orthotropic 
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The following boundary conditions were induced on the model 
so that it could be analyzed: 

The equivalent stress pattern within the patch model demonstrates that 
the stress is maximum in ply No. 1 and then decreases with each subse- 
quent ply. Also, the load appears to be transferred from the patch back 

’ 

The model was assumed to be infinite in the 
longitudinal direction because of the geometri- 
cal limitations of the computer program, 

The nodal points directly above the defect were 
fixed both radially and circumferentially to 
zero deflection, 

The X248 chamber surface was fixed radially to 
zero deflection, 

The-left side of the chamber model was displaced 
in the circumferential direction to simulate the 
deflection caused by a 350-psia chamber pressure. 

The analytical model was used to analyze eight different 
conditions. These conditions accounted for variations in bond layer 
thickness, type chamber, number of plies in the repair and defect width. 
The eight conditions that were analyzed are summarized in Table 15. 

0. Conditions Analyzed 

k l )  Condition 1 - Idealized Model 
Condition 1 is the analysis of a four-ply patch applied 

to a 0.10-in.-wide defect in an A5 chamber. A plot of the circumferenti 
isostrain pattern is shown in Figure,l07. This figure clearly demonstrat 
the rapid changes of strains in the area of the defect, with strains of 
approximately 9% in the ply directly above the defect. Figure 
the equivalent stress (E.S.) distribution within the repaired area. The 
computer program permits this calculation to be made and it is based 
upon the Von Mises failure criterion and defined as: 

, ,  

1 
E . S .  = 4 (011 - 0 2 2 ) ~  + (022 - + (DCC - all)2 

where oll = Maximum principal stress 
022 = Minimum principal stress 
a,, = Hoop stress 
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i n t o  the  chamber wi th in  a ha l f  of an inch. A p l o t  of t h e  average equivad 
l e n t  stress d i r e c t l y  above the  defec t  i n  each p l y  i s  shown i n  Figure 108., 
It i s  evident t h a t  approximately 40% of t h e  load i s  c a r r i e d  by t h e  f i r s t  
ply. The shear stress d i s t r i b u t i o n  along the  bond l i n e  i s  p lo t t ed  i n  
Figure 56. The shear stress i s  a maximum a t  t he  defec t  edge and then i 

drops off markedly a t  a small d i s tance  from t h e  de fec t .  Thus, i n i t i a -  
t i o n  of shear f a i l u r e s  i n  the bond w i l l  be l imited t o  the  area adjacent 
t o  the defec t .  

(2) Condition 2 - A 0.2-In.-Wide Defect 

This condition v a r i e s  from Condition 1 only i n  defec t  
width. It has been changed from 0.1 in .  t o  0.2 i n .  wide. Figure 109 
shows t h e  equivalent stress d i s t r i b u t i o n  wi th in  the  repa i red  a rea .  The 
p a t t e r n  appears t o  be s imi l a r  t o  t h a t  shown i n  Figure 55. However; the  
magnitudes of the stresses i n  the  outer  t h ree  p l i e s  a r e  higher f o r  the  
wider de fec t .  This means t h a t  t he  load i s  tending t o  be d i s t r i b u t e d  mor 
equally among the  p l i e s .  A p l o t  of t h e  c i rcumferent ia l  i s o s t r a i n  p a t t e r  
i s  shown i n  Figure 110. This f igu re  demonstrates t h a t  t he  load i s  becom- 
ing more uniformly d i s t r i b u t e d  because of the  higher s t r a i n s  i n  the  oute 
p l i e s  of t he  patch. 

(3) Condition 3 - A 0.5-In.-Wide Defect 

Again, t h i s  condition va r i e s  from Condition 1 only i n  de- 
f e c t  width. It has been changed from 0.10 i n .  t o  0.5 in .  wide. A p l o t  
of t he  equivalent stress d i s t r i b u t i o n  i n  the  defec t  area i s  shown i n  
Figure 111. A comparison of t he  average equivalent s t r e s s  per p ly  i n  the  
three  elements located over t he  defec t  i s  shown i n  Figure,112- This f i g u  
demonstrates t h a t  toward the cen te r  of the  defec t  the  s t r e s s e s  tend t o  
be more uniformly d i s t r i b u t e d  among the  p l i e s  and j u s t  t he  opposite a t  
the  edge of t h e  defec t .  A f i n a l  comparison i s  made i n  Figure 57 f o r  t he  
average equivalent stresses f o r  t he  O, l - in , ,  0.2-in., and 0.5-in.-wide 
defec ts .  The elements a r e  the  ones c l o s e s t  t o  t h e  defec t  cen te r .  This 
p l o t  c l e a r l y  shows t h a t  a s  a de fec t  widens, t he  load becomes more uni- 
formly d i s t r i b u t e d  among the  p l i e s .  
i s  shown i n  Figure 113. This p a t t e r n  shows the  widening e f f e c t s  on the  
patch s t r a i n s .  

A p l o t  of t he  hoop i s o s t r a i n  p a t t e r  

Condition 4 - A Three-Ply Repair 

This condition v a r i e s  from Condition 1 i n  t h a t  the  number 
of p l i e s  used i n  the  r e p a i r  patch i s  three  ins tead  of t he  four used i n  
Condition 1. Figure 2x4 shows t h e  equivalent stress d i s t r i b u t i o n  wi th in  
the  patch model. A comparison of t h e  average equiv e n t  stresses per p l  
f o r  t h r e e  and four p ly  r e p a i r s  i s  shown i n  Figure B ~ As expected, t h e  
stresses a r e  higher i n  a three-ply r e p a i r .  A p l o t  of the  hoop i s o s t r a i n  
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equivalent stresses and i s o s t r a i n  p a t t e r n  ind ica ted  t h a t  the  load normalgy 
ca r r i ed  by the  four th  p ly  i s  being almost equally d i s t r i b u t e d  among the  
remaining th ree  p l i e s .  
almost exac t ly  a s  shown i n  Figure 55 . The shear stress i n  t h e  bond layer  i s  d i s t r i b u t e d  

(5) Condition 5 - Four-Ply Repair on A6 Chamber 

This condition considers a v a r i a t i o n  i n  t h e  type of chambdr 
t h a t  has been defected and repa i red .  
defected,a comparison must be made between them. Figure 1 1 7  shows the  
equivalent s t r e s s  d i s t r i b u t i o n  wi th in  the  model. 
equivalent s t r e s s e s  
i s  shown i n  p igu re  58. 
does a f f e c t  the  stresses i n  the  r e p a i r .  
(almost 10%) on t h e  four th  p ly .  
(Figure 118) ind ica t e s  s l i g h t l y  lower s t r a i n s  i n  an A6 repa i r .  

Since both A5 and A6 chambers werei 

A comparison between t ’ e  B i n  the  p l i e s  over t he  defec t  f o r  A5 and A6 chambers 

1 

1 

This comparison shows t h a t  the  type of chamber 
The degree of v a r i a t i o n  i s  h ighes t  

A p l o t  of t he  hoop i s o s t r a i n  p a t t e r n  

i 
t 

(6) Condition 6 - Variation I n  Bond Layer Thickness 

This condition represents  a v a r i a t i o n  i n  the  bond layer  
thickness between both the  ind iv idua l  p l i e s  and the  f i r s t  p ly  and the  
chamber wal l .  The bond thickness has been var ied  from 0.007 i n .  t o  
0.0105 in .  This condi t ion  i s  intended t o  give an idea of the  e f f e c t s  01 
bond thickness on shearing s t r e s s e s .  

Figure 119 shows the equivalent stress d i s t r i b u t i o n  withit 
t he  model. A small decrease i n  stresses i n  each p ly  i s  apparent, as  we’ 
as  s l i g h t l y  higher stresses i n  elements t h a t  a r e  over the  chamber wal l .  
Thes would tend t o  ind ica t e  t h a t  a 50% th icker  bond he lps  t o  r ed i s t r ibu i  
the  stresses b e t t e r  than the  0.007 i n .  bond l aye r  thickness.  Figure 59 
shows a comparison of the shear stresses f o r  t he  two thicknesses of bonc 
l i n e .  This comparison ind ica t e s  a 16% drop i n  the  peak shear stress a t  
the  edge of the  defec t ,  thus ind ica t ing  t h a t  a bond layer  thickness can 
g rea t ly  a f f e c t  t he  p o s s i b i l i t i e s  of a shear f a i l u r e .  This a l s o  helps ti 

explain why shear f a i l u r e s  occurred i n  the  X248 r e p a i r  program. 

(7) Condition 7 - Plane S t r a i n  Constant Added 

On the  ac tua l  chamber there  i s  an addi t iona l  stress which 
i s  imposed i n  the a x i a l  d i rec t ion .  To determine the  e f f e c t  of t h i s  b i -  
a x i a l  stress s i t u a t i o n ,  a plane s t r a i n  constant of 0.79% was added i n t o  
the  plane of t he  model. 
s t r a i n  i n  an A 5  chamber without a patch a t  350 ps i a .  However, t he  re- 
p a i r  patch would tend t o  reduce t h e  0.79% s t r a i n  because it w i l l  c a r ry  
some of t he  a x i a l  load. This reduction w a s  not considered because the  
a x i a l  load c a r r i e d  by each ply is unknown. 

This cons tan t  would be t h e  approximate a x i a l  

I 
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Figure 120, shows the  equivalent stress d i s t r i b u t i o n  wi th in  
the  model. 
p ly  over t h e  de fec t  f o r  Condition 1 and Condition 2 .  
c a t e s  t h a t  t h e  plane s t r a i n  constant mostly a f f e c t s  the  f i r s t  p ly  of the  
patch. 
t he  plane s t r a i n  constant.  

Figure 60 compares the  average equivalent stresses i n  each 
This f i g u r e  ind 

The equivalent stress increases  by approximately 9% because of 

( 8 )  Condition 8 - Void Included I n  Patch 

The r e p a i r  of t h e  de fec t s  on NPP-453 was X-rayed before 
the  motor was s t a t i c a l l y  f i r e d .  
between the  p l i e s  of the  patch. Condition 8 i s  an attempt t o  
the  e f f e c t  of a void on the  stress d i s t r i b u t i o n  wi th in  the  patch. A 
1.0-in.-wide void was placed i n  the  bond layer between the  f i r s t  and 
second p l i e s  of the  patch d i r e c t l y  over t he  defec t .  
equivalent stress d i s t r i b u t i o n  i n  the  model. 
p ly  a r e  much higher than the  stresses i n  a void-free patch model. 
Figure 61 compares t h e  s t r e s s e s  i n  the  void-containing and void-free 
models f o r  t h e  average equivalent stress i n  each p ly  above the  defec t .  
This f i g u r e  ind ica t e s  t h a t  t he  void between t h e  f i r s t  and second p ly  can 
increase  t h e  s t r e s s e s  i n  the f i r s t  p ly  by approximately 35%. Thus, when 
voids do occur, t he re  i s  a much g rea t e r  p o s s i b i l i t y  of f a i l u r e  i n  the  
f i r s t  p ly  of the  patch. 
t r i bu t ion .  The h ighes t  s t r a i n s  occur i n  the  f i r s t  p ly  d i r e c t l y  over the  
defec t .  

These X-rays ind ica ted  numerous voids 

Figure 121:ehows t h  
The s t r e s s e s  i n  the  f i r s t  

Figure122 i s  a p l o t  of t he  hoop i s o s t r a i m d i s -  

, 

i 
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higher operating pressures  

dome CBS. 

Testing of unrepaired areas of minor CBS i n  the  a f t  end of X248 motors 
was  accomplished i n  the s t a t i c  f i r i n g s  of three motors S/N's, 454,  425 ,  and 
453.  

Four motors S/N's NPP-257, 261, 475 and 425, had areas of a f t  dome CBS 
t h a t  had been repaired by pot t ing with polyurethane in jec ted  with a hyfjoder 
syringe . 

The ea r ly  laboratory t e s t i n g  was  d i rec ted  towards qual i fying a r epa i r  
adhesive f o r  X259 motors. 
motor S/N NPP-424, the  laboratory program was  modified t o  qua l i fy  a r epa i r  
adhesive f o r  use on X248 motors. 

However, when i t  became necessary t o  r epa i r  X248 

The development of a CBS r epa i r  procedure based on gaining access v i a  
holes i n  the f ibe rg la s s  chamber was  ca r r i ed  out  on the X248 motor S/N NPP-4 
The appl ica t ion  of t h i s  technique had o r ig ina l ly  been planned f o r  X259 mot0 

This work is  described i n  more d e t a i l  i n  the following. 

! ic  

4 .  
S .  
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f o r  use i n  determining i f  forward dome CBS would propagate under simulated 
f l i g h t  loading o r  i f  it would a f f e c t  motor b a l l i s t i c s  during s t a t i c  f i r i n g  
The secondary objec t ive ,  obtaining f ibe rg la s s  s t r a i n  da ta ,  i s  discussed i r  
t he  Fiberglass Defects and Repairs sec t ion .  

The motor was subjected t o  sp in  r a t e s  of 600 rpm f o r  45 
t o  60 seconds on the  dynamic balancer and t o  a x i a l  acce le ra t ion  loads of 
40 g f o r  58 seconds on the  cent r i fuge  and then X-rayed. 
pre- and pos t - t e s t  X-rays were compared a s  i l l u s t r a t e d  i n  Figure 123. No 
s i g n i f i c a n t  change i n  the  forward CBS was noted. 

The r e s u l t s  of tl- 

A nozzle with standard t h r o a t  s i z e  was used t o  a t t a i n  the 
desired normal b a l l i s t i c  performance. On J u l y  17,  1967, the  motor was 
s t a t i c a l l y  f i r e d  a f t e r  being conditioned t o  a temperature of 75 2 5°F f o r  
a minimum of 120 hours. The performance was normal, and there  was no 
evidence of abnormal propel lan t  burning i n  the  unrepaired separation. Thc 
pressure and t h r u s t  t r aces  a r e  shown i n  Figures 124 and 125. I g n i t i o n  
maximum pressure was 276 ps ia  and the  p rogres s iv i ty  maximum pressure was 
255 ps i a .  

Comparison of the  b a l l i s t i c  data of NPP-400 t o  the  model 
spec i f i ca t ion  (Table 30) c l e a r l y  shows the  performance of t h i s  58-month- 
old u n i t  t o  be nominal. 

Motor X248 A6 S/N NF’P-446 

This motor possessed the  t h i r d  most extensive case bond 
separa t ion  i n  the  forward dome, p lus  minor separations i n  the  c y l i n d r i c a l  
s ec t ion  a t  the  forward edge of t he  in su la to r .  The motor was se lec ted  t o  
determine i f  a l e s s e r  degree of forward dome separa t ion  would propagate 
under simulated f l i g h t  loading. The motor was s t a t i c a l l y  f i r e d  t o  confirn 
the  r e s u l t s  obtained from NPP-400, thereby providing s u f f i c i e n t  b a s i s  t o  
use the  remaining X248 motors with unrepaired CBS i n  t he  forward end t o  
inves t iga t e  f i b e r g l a s s  de fec t s  and r e p a i r s .  

The motor was subjected t o  sp in  r a t e s  of 600 rpm f o r  45 
t o  60 seconds on the  dynamic balancer and t o  a x i a l  acce le ra t ion  loads of 
40 g f o r  45 t o  60 seconds on t h e  centrifuge.  
a r e  compared wi th  the  p r e - t e s t  r e s u l t s  i n  Figure 126. No s i g n i f i c a n t  
change i n  the  CBS r e su l t ed  from these  tests. 

The p o s t - t e s t  X-ray r e s u l t s  

The motor was f i r e d  a s  a standard pressure motor. After 
being conditioned a t  a temperature of 75 f 5°F f o r  a minimum of 120 hours, 
NPP-446 was s t a t i c a l l y  f i r e d  on Ju ly  20, 1967. The performance was norma: 
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The pressure and t h r u s t  t r aces  a r e  shown i n  Figures 127 and 128. The ig-  
n i t i o n  maximum pressure was 276 ps i a ,  and the  p rogres s iv i ty  maximum pres- 
sure was 258 ps ia .  

Motors X248 A5 NPP-409 and X248 A6 NPP-447 

To confirm the  r e s u l t s  of NPP-400 and NPP-446, two addi- 
t i o n a l  motors were subjected t o  simulated f l i g h t  loads before s t a t i c  f i r i i  
These motors then became f i b e r g l a s s  de fec t  and r e p a i r  vehic les  and a r e  d i :  
cussed i n  t h a t  area of t h i s  r epor t .  These motors served t o  confirm t h a t  
unrepaired forward dome CBS i n  X248 motors would not a f f e c t  b a l l i s t i c  pe r -  
f ormance . 

After  t he  i n i t i a l  radiographic inspections had been made, 
these motors were spun a t  600 rpm f o r  45 t o  60 seconds on the  dynamic bala 
ancer and then centrifuged t o  an a x i a l  acce le ra t ion  load of 40 g. Follow. 
ing these  two tests, the  motors were again X-rayed. The r e s u l t s  of the  pi 
and pos t - t e s t  X-rays were compared a s  i l l u s t r a t e d  i n  Figures 129 and 130. 
No s i g n i f i c a n t  change occurred i n  the  a reas  a f fec ted  by CBS. 

Both motors were s t a t i c a l l y  f i r e d  following i n f l i c t i o n  of 
f ibe rg la s s  defec ts .  Motor NPP-409, f i r e d  August 18, 1967, f a i l e d  a f t e r  
12.26 seconds of burning a t  a pressure of 281 p s i a .  The f a i l u r e  i s  a t t r i  
buted t o  one of the  i n f l i c t e d  f ibe rg la s s  defec ts .  This i s  discussed i n  dc 
t a i l  i n  Section III.B.3.c. Motor NPP-447, f i r e d  August 18, 1967, burned 
f o r  the  f u l l  planned duration and reached a progress iv i ty  maximum pressurl 
of 290 ps i a .  The b a l l i s t i c  r e s u l t s  of these  motors, shown i n  Figures 131 
132, 133 and 134, a s  w e l l  a s  t he  p o s t f i r i n g  v i sua l  inspec t ion  show no e v i  
dence of abnormal burning i n  the  unrepaired separa t ion .  

(4) Remaining Twelve X248 Motors 

The remaining twelve motors were used primarily t o  inves t  
ga te  f i b e r g l a s s  defec ts  and r e p a i r s  and a r e  reported f u l l y  i n  t h a t  sec t io ,  
of t h i s  r epor t .  A l l  of these  motors, however, d id  conta in  forward dome C' 
of varying degrees a s  i s  depicted by the radiographic inspec t ion  r e s u l t s  
contained i n  the  Appendix. 
normal operating pressure  t o  provide an ove r t e s t  of the f i b e r g l a s s  inves- 
t i ga t ions .  A l l  of these  motors except one (NPP-401) burned e i t h e r  f o r  the  
f u l l  dura t ion  o r  f o r  s u f f i c i e n t  t i m e  t o  v e r i f y  t h a t  t he  forward dome CBS 
did not a f f e c t  b a l l i s t i c s .  Pressure and t h r u s t  curves i l l u s t r a t i n g  t h i s  
a r e  contained i n  t h e  data packages fo r  each motor i n  Appendix D. The 
s t a t i c  f i r i n g  of NPP-401 was declared a "no-test." The motor f a i l e d  a t  

These motors were s t a t i c a l l y  f i r e d  a t  1.25 times 

0.049 second a f t e r  f i r s t  i nd ica t ion  of pressure a t  a chamber pressure of 
322 ps ia .  P o s t f i r i n g  ana lys i s  involving review of f i e l d  h i s t o r y  disclosed 
t h a t  the  motor had been dropped a t  NOS/Indian Head. Chamber r u p t u r m b l y  
" ~ - ____ - "_I_ I ___ -"x_I_-- --~l_^-_ll_I -_^" I _̂_------ --- 
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/ 
j cluded t h a t  t he  malfunction was no t  associated with e i t h e r  t he  i n f l i c t e d  
1 
1 

t h e  a f t  end which was no t  disclosed during X-ray examination. 

defec ts  or  t h e  forward dome CBS . 
It was con- 

1 
b. Unrepaired Af t  Dome Defects 

Three motors containing various minor defec ts  i n  the  a f t  end o 
the  motor were f i r e d .  The e x i s t i n g  conditions a r e  described and test  re- 

1 s u l t s  a r e  presented i n  the  following. 
i 

I (1) Motor X248  A6 NPP-454* 
1 
! 
I voids. The l a r g e s t  crack was approximately 2 i n .  long x 0.04 i n .  deep x 

~ 

i 

This motor contained two minor p rope l l an t  cracks and t h r e  

The s i z e  a h a i r l i n e  i n  width and t h e  l a r g e s t  void was 0.3 i n .  by 0.35 i n .  
l oca t ion  of these  defec ts  a r e  shown on Figure 135. 

The motor was f i r e d  November 3, 1967. It performed nor- 
mally with no evidence of abnormal burning noted from t h e  b a l l i s t i c  data 

, on p o s t f i r i n g  inspection. 

(2) Motor X248 A6 NPP-425 

The condition of the  case  bond i n  t h i s  u n i t  was reported 
a s  shown i n  Figure 136. The CBS opening in to  the  a f t  po r t  was repa i red  a s  
discussed under Section I V - C . 1 . c .  of t h i s  r epor t .  The CBS i n  the  c y l i n d r i  
c a l  s ec t ion  was i n  the  form of a d e f i n i t e  l%-in.-long separa t ion  a t  the  
180" loca t ion .  Also, a heavy case bond r e s i n  layer  was evident around the  
e n t i r e  circumference i n  the  cy l inder  sec t ion .  The anomalies between 2 1 2 y  
and 252%" reported on the  radiographic inspec t ion  map were o r i g i n a l l y  in -  
t e rp re t ed  a s  r e s i n  buildup but,  based on X-ray of t h e  f i b e r g l a s s  r e p a i r s ,  
were o f f i c i a l l y  reported by Quality Assurance as  CBS. 

8 

Since the  defec t  located a t  180" was exactly ha l f  way be- 
, tween f i n  s l o t s  and was on the  edge of the  in su la to r ,  i t  would not be ex- ' posed t o  the  flame f r o n t  u n t i l  t he  very end of f i r i n g  and therefore  would 

not a f f e c t  b a l l i s t i c s .  I f  t he  anomalies between 2 1 2 y  and 252%" were resi  
buildup, no e f f e c t  on b a l l i s t i c s  would occur. I f  t h e  anomalies were sepa- 
r a t ions ,  add i t iona l  burning surface would be exposed but not u n t i l  l a t e  i n  
the  f i r i n g  so t h a t  the  chamber would bu r s t  o r  burn through a f t e r  a pressur 

t he  foregoing engineering ana lys i s ,  it was decided t o  f i r e  t he  motor. 
1 of 350 ps i a  ( the  f i b e r g l a s s  r e p a i r  objective) had been reached. Based on 

1 

1 
i 
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g las s  r e p a i r  f a i l e d  a f t e r  12.5 seconds of burning a t  a chamber pressure of 
351 ps i a .  The pressure-time curve exhibited no anomalies up t o  t h e  t i m e  a 
patch f a i l u r e .  The water quench system was unable t o  completely extinguis 
the  propel lan t  i n  the  top p a r t  of t he  u n i t .  This low-pressure burning, 
l a s t i n g  f o r  approximately 15 minutes, destroyed the  burning surface p a t t e r  
i n  most of t he  motor and charred the  in su la t ion  and f i b e r g l a s s  chamber. 
Thus, i t  was not  possible,  i n  t he  p o s t f i r i n g  v i sua l  inspection, t o  determi 
whether t he  burning f r o n t  had advanced i n t o  t h i s  anomalous area p r i o r  t o  
f a i l u r e ,  nor was it poss ib le  t o  v e r i f y  the presence o r  absence of separa- 
t i ons .  It was concluded t h a t  t he  burning f r o n t  had probably not reached 
t h e  CBS area and therefore  had no e f f e c t  on the  test. This f i r i n g  was a 
no- tes t  a s  f a r  a s  t he  c y l i n d r i c a l  sec t ion  CBS condi t ion  was concerned. 

1 

I 

le 

(3) Motor X248 A6 NPP-453 

Several small voids were present i n  the  a f t  dome near the  
case bond of t h i s  motor a s  shown on Figure 137. The l a r g e s t  of these  voic 
was 1% i n .  by 1/32 i n .  These voids were located a t  o r  near the  bottom of 
the  f i n  s l o t s  and would therefore  be exposed wi th in  t h e  f i r s t  second o r  t% 
of f i r i n g .  Because of t h e i r  s i z e  and o r i en ta t ion  (long dimension pa ra l l e l  
t o  the burning f r o n t ) ,  very l i t t l e  addi t iona l  sur face  would be exposed anc 
any e f f e c t  would probably l a s t  f o r  only a few seconds. 

S 

D 

The motor was s t a t i c a l l y  f i r e d  May 23, 1968. The motor 
performed normally f o r  16.5 seconds, when a f i b e r g l a s s  r epa i r  f a i l e d  a t  
348 ps i a  a s  discussed i n  the  f i b e r g l a s s  defec t  and r e p a i r  sec t ion .  The 
pressure and t h r u s t  t r a c e s  (see Figures 138 and 139) appear normal u n t i l  
t i m e  of f a i l u r e .  Therefore, a s  expected, these small p rope l lan t  defec ts  
had no de tec tab le  e f f e c t  on motor performance. 

c .  Repaired Aft Dome Defects 

Four motors, NPP-257, -261, -475 and -425, had minor CBS near 
the  a f t  p o r t  opening. The case bond separa t ions  were of such a nature tht 
they could be expected t o  a f f e c t  b a l l i s t i c s  i f  not repa i red .  A l l  CBS de- 
f e c t s  were repa i red  by f i l l i n g  the  separations with a polyurethane pottin! 
mater ia l  i n j ec t ed  by a hypodermic syringe in se r t ed  from the  p o r t  a rea .  
This mater ia l  has been used extensively by Werc&les and o thers  f o r  variou: 
appl ica t ions  of po t t i ng  o r  i nh ib i t i ng  propel lan t  i n  many d i f f e r e n t  s o l i d  
propel lan t  rocket motors. 

(1) Motor X248 A5 NPP-257 

This motor had minor CBS and propel lan t  voids near the  a f !  
p o r t  opening a t  the  bottom of the  f i n  s l o t s  a s  shown on Figure 140. Thes 
defec ts  were repa i red  with polyurethane i n  accordance with UOP 1-1738 (se "'--vol-.-..e. TTy.A"ppeQ~ix-~tc) I_-- I I I I-- l̂-___lll_..ll_ll_-cI ~ - - - - - - - ~  
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properly with a progress iv i ty  maximum pressure of 380 ps i a .  
and t h r u s t  t r a c e s  a r e  found i n  the  Appendix. 
vealed no evidence of abnormal burning. 

The pressure 
P o s t f i r i n g  inspec t ion  re- 

(2) Motor X248 A5 NPP-261 

This motor had minor CBS opening i n t o  the  a f t  p o r t .  The 
CBS extended over an area from 127%" t o  307%" a s  indicated on Figure 141. 
The maximum length of t he  CBS was approximately 1 i n .  a t  t he  307%" loca- 
t i o n .  The defec t  was repaired with polyurethane i n  accordance with UOP 
1-1758. 

The motor was s t a t i c a l l y  f i r e d  January 2, 1968 and burned 
f u l l  duration. The b a l l i s t i c  performance was normal with a maximum pro- 
g r e s s i v i t y  pressure of 356 ps i a .  Pos t f i r i ng  inspec t ion  revealed no evi-  
dence of abnormal burning. 

(3) Motor X248 A6 NPP-475 

This motor contained minor CBS around t h e  e n t i r e  circum- 

This defec t  was successfu l ly  repaired with poly- 
ference of the  a f t  p o r t  a s  shown on Figure 142. The maximum length of 
separation was 3 /4  i n .  
urethane i n  accordance with UOP 1-1758 except t h a t  t h e  amount of dimethyl 
sebacate i n  t h e  polyurethane was increased from 8.4% t o  15.5% t o  make the  
uncured mixture less viscous.  

The motor was f i r e d  February 23, 1968 and performed nor- 
mally u n t i l  a f i b e r g l a s s  defec t  r e p a i r  f a i l e d  a f t e r  26.5 seconds of burn- 
ing a t  a pressure of 340 ps i a .  A progress iv i ty  maximum pressure of 351 
ps ia  was reached approximately 3 seconds before f a i l u r e .  The b a l l i s t i c  
performance and p o s t f i r i n g  inspection ind ica t e  t h a t  no abnormal burning 
occurred. 

( 4 )  Motor X248 A6 NPP-425 

Motor NPP-425 contained CBS opening i n t o  the  a f t  po r t  area 
a s  shown on Figure 136. 
The defec t  was successfu l ly  repaired with polyurethane i n  accordance with 
UOP 1-1758; however, two attempts were necessary. Radiographic inspectior 
showed t h a t  a f t e r  the  polyurethane had been forced i n t o  the separa t ion  the 
f i r s t  t i m e ,  a small (1-in.) area was s t i l l  separated a t  the  0" location. 
Additional mater ia l  was in j ec t ed  a t  t h i s  loca t ion .  Subsequent X-rays con- 
firmed a s a t i s f a c t o r y  r epa i r .  

This CBS extended a maximum length of 2-1/8 in .  



The motor, s t a t i c a l l y  f i r e d  March 22, 1968, performed nor- 

ing a t  a chamber pressure of 351 ps i a .  The r e s u l t s  of t h i s  f i r i n g  a r e  a1  B o 
mally u n t i l  a f i b e r g l a s s  defec t  r e p a i r  f a i l e d  a f t e r  12.5 seconds of burn- 

discussed under the  f i b e r g l a s s  r e p a i r  s ec t ion  and t h e  sec t ion  on unrepairdd 
a f t  dome de fec t s  motor tests. Pos t f i r i ng  v i s u a l  inspec t ion  revealed t h a t  
i n  the  a f t  dome a t  330" i n  t h e  a rea  where the  repa i red  propellant-to- 
separa t ion  ended, t he re  was evidence of advanced propel lan t  burning (case 
bond separation) over a very small area (approximately 1/2 in .  r ad ius ) .  
This area is  too small t o  be r e f l e c t e d  i n  the  pressure t r ace .  
motor burned f u l l  duration, t h i s  advanced surface would have burned i t se  
out  ea r ly .  With add i t iona l  i n su la to r  erosion occurring over the  e n t i r e  
dome, it i s  not l i k e l y  t h a t  any evidence of advanced burning would have 
detected.  Even though minor advanced burning occurred, i t  i s  concluded 
the propel lan t - to- insu la tor  r e p a i r  a t  0" was 100% successful and t h e  one 
330" was 95% successful.  Had these  de fec t s  not been repa i red ,  the  press  
time curve would d e f i n i t e l y  have been af fec ted ,  showing over-pressurizat  

Had the  

2. Propel lan t  Repair of X248 Motor S/N NPP-424 

The X248 motor NPP-424 had f ibe rg la s s  damage i n f l i c t e d  i n  the  f o r  
of two c y l i n d r i c a l  defec ts  and four holes i n  the  forward dome. The defec 
were a s  follows: 

Defect No. 1 - 2.5 i n .  long x 0.2 i n .  wide x 100% deep, located a t  0", 8 .  
i n .  t o  10.5 in .  a f t  of t he  forward doubler. 

Defect No. 2 - 2.5 in .  long x 0.2 in .  wide x 100% deep, located a t  O", 18 
i n .  t o  20.5 i n .  a f t  of t h e  forward doubler. 

Defect Nos. 3,  4, 5, and 6 - 0.375-in.-diameter holes completely through 
the  forward dome and located 2.125 i n ,  ho r i zon ta l ly  forward of t he  double 
face and a t  0", go", 180", and 270". 

Defect Nos. 1 and 2 were repaired with four-ply S/81-901 g la s s  c l o t h  pa tc  
with an Epon 946 r e s i n  system. Defect Nos. 3, 4 ,  5, and 6 had three-ply 
g l a s s  c l o t h  patches. The e f f e c t s  of an increase i n  defec t  width were t o  
be evaluated by t h i s  test .  

However, a f t e r  these  defec ts  had been i n f l i c t e d  i n  the  f ibe rg la s s  
motor, an X-ray ind ica ted  the  presence of an extensive separa t ion  between 
the  in su la to r  and the  propel lan t  i n  the  c y l i n d r i c a l  s ec t ion  of the  chamb 
a t  t h e  bottom of t h e  g r a i n  s l o t  located a t  307%". (The X-ray map f o r  t h i  
u n i t  i s  presented i n  Appendix A . )  
through o r  rupture ,  due t o  high pressure r e s u l t i n g  from addi t iona l  burnin 
surface,  would r e s u l t  i f  t h i s  motor was f i r e d  without r e p a i r .  Location o 
t h i s  separa t ion  was such t h a t  it could not be pot ted  by normal means; tha 
is, pumping an adhesive through a hypodermic needle i n t o  the  separa t ion  
from an exposed i n t e r f a c e  edge. 

It was predicted t h a t  chamber burn- 

1 
I 



A study was conduc-ted- on pump-in& 
gh the  f i b e r g l a s s  chamber and in su la to r .  

devised fo r  pumping t h e  epoxy r e s i n  i n t o  the case bond separation: The 
motor is  placed i n  a v e r t i c a l  pos i t ion ,  a f t  end up. 
forces  the mixed r e s i n  from a pressure pot through f l e x i b l e  tubing t o  a I hole (11'4 i n .  - 3/8 i n .  diameter) through the s ide  of t he  chamber and in- I 
su la t ion  near t he  base of the  separation. Resin i s  forced upward and out-l 

the  ho l  

ward, expel l ing  a i r  from a hole a t  the top of the  separation. Bleed holes 
a t  t he  edges of the  separa t ion  a rea  provide an ind ica t ion  t h a t  r e s i n  is  

a r e  plugged temporarily so t h a t  the  epoxy r e s i n  w i l l  f i l l  t he  separation. 
The operation is  completed when r e s i n  flows out the  hole a t  the  top of the  
separa t ion  a rea .  

The following procedure was 

Regulated a i r  pressur 

flowing and t h a t  no a i r  i s  entrapped. When r e s i n  flow i s  assured, 

1 
i 

Based on the  laboratory t e s t i n g  reported i n  t h e  following sec t ion ,  
an epoxy r e s i n  system cons is t ing  of 90 p a r t s  by weight (pbw) Epon 871, 10 
pbw Epon 815 and 13 pbw Epon 946 B was se l ec t ed  t o  r e p a i r  NPP-424. 
r epa i r  was performed successfu l ly  on the cut-off dome of p a r t i a l l y  burned 
un i t  X248 S/N NpP-242. No d i f f i c u l t i e s  were encountered except f o r  minor 
r e s i n  leakage a t  t h e  chamber sur face  around the connection from t h e  r e s i n  
supply. 
vised and functioned s a t i s f a c t o r i l y  when checked with a i r  pressure.  

A t r i a l  

The design f o r  connecting the  r e s i n  supply t o  t h e  chamber was re- 

Attempts t o  pump t h i s  epoxy r e s i n  system i n t o  the  case bond sepa- 
r a t i o n  i n  t h e  c y l i n d r i c a l  s ec t ion  of X248 S / N  424 were not successful.  
prodedure (UOP 1-1741, Appendix C) used was s imi l a r  t o  t h a t  successfu l ly  
used t o  pump r e s i n  i n t o  the  case  bond separa t ion  i n  the dome of X248 S/N 
242. I n  attempting t o  r e p a i r  S / N  424, t he  r e s i n  supply was sealed on the  
outs ide  of t h e  chamber by a rubber O-ring held i n  p lace  by a s t e e l  band 
around t h e  chamber. It was poss ib le  t h a t  the  band arrangement could d e f l e c t  
t he  chamber aga ins t  t he  propel lan t ,  sea l ing  the  separa t ion  area.  Therefore, 
a pressurized a i r  l i n e  nozzle was placed i n  the  various holes d r i l l e d  i n  
t h e  chamber. Seam sea l ing  compound (CS) around t h e  nozzle of t he  a i r  l i n e  
maintained ghe hand-held a i r  sup a t  40 p s i .  No evidence of a separa t ion  
was found; t h a t  is, no a i r  came any of t he  uncovered holes.  D r i l l i n g  
two addi t iona l  3/8-in.-diameter s near the  cen te r  of the  separa t ion  
a rea  gave t h e  same r e s u l t s :  no r a t i o n  apparent. 

The 

The u n i t  -rayed again t o  check the  loca t ion  of case  bond sep- 
a ra t ion  r e l a t i v e  les d r i l l e d  through the  chamber wall .  Only a minor 
separa t ion  a t  t h  o f  the  s l o t  was found. The u n i t  was conditioned t o  a 

40°F t o  determin he separa t ion  could be de tec ted  a t  t h e  lower tempera- 
tu re .  X-ray of i t  a t  40°F showed a separa t ion  between the  propellantj  
and case,  but only p a r t i a l l y  covering a reas  o r i g i n a l l y  reported on 1 
February 15, 1968. However, a t  t h i s  p t, the  separa t ion  was determined t o  
be completely open s ince  an operator c d blow a i r  through a l l  of t h e  holes .  

r- -1 P. .i 
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After  allowing the  u n i t  t o  r e t u r n  t o  ambient temperature, a ce l lu -  
lose  a c e t a t e  po t t ing  f i x t u r e  was bonded, according t o  UOP 1-1741, Appendix 
F, over one of the  3/8-in. holes through which r e s i n  was t o  be pumped t o  
r e p a i r  t he  separation, thereby eliminating the steel band used i n  the  f i r s  
r epa i r  attempt. However, a i r  pressure tests indicated t h a t  the separa t ion  
had again closed, and i t  would be necessary t o  r e p a i r  t he  separa t ion  while 
the  u n i t  was c h i l l e d  (40°F). A t  t h i s  po in t ,  a l l  f u r t h e r  work on t h i s  u n i t  
was suspended because of funding and t i m e  l imi t a t ions .  

3. Laboratory Testing 

a. X259 Case Bond Repair Adhesive Testing 

The main objec t ive  of t h i s  laboratory e f f o r t  was t o  qua l i fy  an 
ex i s t ing  adhesive system f o r  r e p a i r  of separation-type f a i l u r e s  of the f o l  
ing types t h a t  may occur during manufacturing, handling and storage of X25 
rocket motors : 

1. Barr ie r  resin(1) t o  insu la tor (2)  

2 Barr ie r  r e s in -  to-f iberg lass  chamber (3) 

3. Embedment p~wderc (~ )  to-embedment resin(5) 

4. Propellant-to-propellant (i.e.,, cohesive 
f a i l u r e  of CYI). 

(1) The powder embedment system consisted of a cured b a r r i e r  coa t  
of Epirez 504/Epicure 855 (100 phr) onto which the  embedment 
r e s i n ,  Epirez 504/Epicure 755 (70 phr), and the  embedment pow- 
der a r e  c a s t .  
Bentone. 

Both components of t he  E/E r e s i n  conta in  2% 

(2) The X259 insu la to r  i s  a sbes tos - f i l l ed  styrene-butadiene rubber 
(SBR) . 

(3) The X259 f i b e r g l a s s  chambers A-1 through A-6 were wound with ECG- 
140-801 g l a s s  roving and Epon 826/CL r e s i n .  

(4) Embedment powder c o n s i s t s  of a mixture of 0.050 x 0.050 i n .  and 
0.070 x 0.070 i n .  s o l i d  cy l inders .  

( 5 )  The powder embedment system consisted of a cured b a r r i e r  coa t  
of Epirez 504/Epicure 855 (100 phr) onto which the  embedment r e s i n ,  
Epirez 504/Epicure 855 (70 phr), and t h e  embedment powder a r e  c a s t .  
Both components of the  E/E r e s i n  conta in  2% Bentone. 

ow- 



X-ray techniques usually can confirm the  presence of a separa- 
t i o n  and i t s  loca t ion  i n  a loaded motor case, bu t  i t  cannot discriminate 
between the v a r i e t i e s  of separations.  To r e p a i r  such a defec t ,  a "univer- 
s a l  adhesive" must be found. I n  t h i s  r epor t ,  "universal adhesive" means a 
mater ia l  which w i l l  form an e f f e c t i v e  r e p a i r  bond f o r  any of the  above 
l i s t e d  separa t ions  or  combinations of them. Because of f inanc ia l  and time 
l imi t a t ions ,  t h i s  program was r e s t r i c t e d  t o  tests necessary t o  qua l i fy  a 
s t a t e -o f - the -a r t  r e s i n  f o r  r e p a i r  of the  major separation. 
t o  bond w e l l  t o  both subs t r a t e s  forming the  gap. I n  addi t ion ,  the  r e s i n  
(a) should be compatible i n  both cured and uncured s t a t e s  with CY1 propel- 
l a n t  and cas t ing  solvent,  (b) should be curable a t  temperatures between 
50 and 100"F, (c) have a low v i scos i ty  and (d) have a burning r a t e  equal t 
or less than the  burning r a t e  of CY1 i n  a motor environment. 

The r e s i n  had 

It was a r b i t r a r i l y  es tab l i shed  t h a t  t h e  c r i t e r i o n  f o r  minimum 
bond s t r eng th  would be the  lowest t e n s i l e  s t rength  exhibited between any 
p a i r  of components i n  the  case: (1) fiberglass-Bpirez/Epicure (E/E), 
(2) E/E-CYI, o r  (3) SBR-E/E. A comparison of t e n s i l e  and shear s t rengths  
i s  presented i n  Table 31. The lowest value (77 ps i )  i s  the  t e n s i l e  streng 
between propel lan t  and E/E embedment r e s i n .  Tensile values f o r  f ibe rg la s s  
E/E and f o r  SBR-E/E were not ava i lab le ,  but they were expected t o  be much 
higher than 77 p s i .  Therefore a minimum t e n s i l e  s t r eng th  of 77 p s i  was 
es tab l i shed  f o r  any candidate r e s i n  i n  a bond test  with each component. 

The compat ib i l i ty  requirement was t o  be met by the  r e s i n  i n  
both the cured and the  uncured s t a t e s  s ince  some types of r e p a i r  would in-  
volve d i r e c t  contac t  of f r e sh ly  mixed r e s i n  with the  p rope l l an t .  Further- 
more, t he re  was  always t h e  remote p o s s i b i l i t y  t h a t  ca s t ing  solvent might 
be present on the  surfaces t o  be repa i red .  

The r e s i n  must cure a t  ambient temperature i n  order t o  avoid 
exotherms i n  excess of 200"F, the  maximum sa fe  temperature f o r  CY1 propel- 
l a n t .  I f  t h i s  propel lan t  i s  exposed f o r  a long enough time t o  400"F, i t  
may i g n i t e .  Exotherms may bui ld  up t o  a considerable magnitude with some 
epoxy r e s i n s ,  e spec ia l ly  when the  r e s i n  must cure i n  a c rev ice  between prc 
pe l l an t  and embedment layer  where there  i s  no conductive mater ia l  t o  d i s -  
s i p a t e  hea t  r ap id ly .  Therefore, exothermic proper t ies  of candidate resinE 
were taken i n t o  consideration. It should be noted a t  t h i s  po in t  t h a t  higl 
exothermic systems have r e l a t i v e l y  sho r t  pot l i v e s ,  a f a c t  which would 
eliminate them a s  candidates anyhow. 

The low v i s c o s i t y  requirement was imposed so t h a t  the  r e s i n  
could be forced through a #13 hypodermic needle i n t o  the case bond cav i ty ,  
Furthermore, t he  more f l u i d  the  r e s i n  i s ,  the  more l i k e l y  it is t o  be drat 
i n t o  tapered a reas  by c a p i l l a r y  a t t r a c t i o n .  
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must be retarded t o  prevent backburning, it i s  important t h a t  the  adhesive 
have a low burning o r  decomposition r a t e .  P a r t i a l  burner tests, with 
blocks of propel lan t  joined together by t h e  candidate adhesive t o  form a 
cube, were scheduled f o r  f u t u r e  work. 

Table 32 presents  data  f o r  candidate r e s i n s  which cure  a t  am- 
b i en t  temperature. From t h e  standpoint of pro e l l a n t  compat ib ' l i ty  and l o  
v iscos i ty ,  Sp r in t  Pot t ing  Compound (Sprint  PC)?') and Epon 953t2) appeared 
t o  be the  b e s t  choices.  
cured s t a t e  i t  i s  incompatible with propel lant .  The Multron system, known 
t o  be suscept ib le  t o  degradation by zinc compounds i n  SBR, was a l s o  e l i m i -  
nated a s  an a c t i v e  candidate.  

The E/E system was eliminated because i n  i t s  un- 

Because of i t s  lower v i scos i ty  and successful  appl ica t ion  i n  
Spr in t ,  t he  Spr in t  po t t ing  compound was chosen f o r  evaluat ion f i r s t .  It 
was demonstrated t h a t  f r e sh ly  mixed r e s i n  could e a s i l y  be pushed through 
a #13 hypodermic needle, but  t h a t  the  r e s i n  tended t o  thicken rap id ly  a f t e  
t he  second hour; a reduct ion i n  i n i t i a l  v i scos i ty  was thus des i rab le .  

The standard Spr in t  PC formulation cons i s t s  of 90 pbw of Epon 
871 (a f l e x i b l e  epoxy r e s in ) ,  10 pbw of Epon 815 (a low v i scos i ty  epoxy 
r e s i n  containing 12% bu ty l  glycidyl  e ther )  and 13 pbw of Epon 946 B (a  
eu tec t i c  aromatic amine containing 3% Bentone-27 c lay) .  Some proper t ies  
of t h i s  system have been itemized i n  Table 33. I t s  t e n s i l e  s t r eng th  was 
low (and r e l a t i v e l y  constant  over a 3-month period),  bu t  more than adequat 
t o  m e e t  the  f i r s t  c r i t e r i o n .  The high elongation was necessary so  t h a t  i t  
could expand and cont rac t  with the  s t r a i n s  imposed on the  patch. I t s  work 
ing l i f e  was l imited t o  two hours by i t s  v i scos i ty  which increased rapidly 
a f t e r  reaching 2000 cps.  
forms was compatible with cas t ing  solvent ,  i t  was concluded t h a t  the resir  
would a l s o  be compatible with the  less potent  CY1 propel lan t .  

Because the  r e s i n  i n  both i t s  cured and uncured 

I n  s p i t e  of i t s  a b i l i t y  t o  absorb a r e l a t i v e l y  la rge  amount 
(9%) of n i t rog lyce r in  i n  a 7-day soak i n  cas t ing  solvent ,  i t  passed the  

(1) Epon 871/815/946 B i n  the  r a t i o  90:10:13 pbw. 

(2) Epon 953A/B (100:15 pbw). The 9538 i s  a blend of f l e x i b l e  Epon 
871 and r i g i d  Epon 828 i n  a weight r a t i o  of 3 : l .  The 953 B i s  a 
e u t e t i c  aromatic amine hardener. When t h i s  amine i s  made thixo- 
t rop ic  with 3% by weight of Bentone 27, an i n e r t  c lay,  it is  known 
a s  Epon 946B. 



modified Ta l i an i  test. I n  a 23-hour period, ne i the r  cured nor uncured 
r e s i n  reacted enough wi th  cas t ing  solvent t o  reach the  maximum allowable 
pressure of 200 mm. 

Attempts t o  modify the  Spr in t  PC formulation were based on 
increasing the  quant i ty  of low v i scos i ty  epoxide, Epon 815, a t  the  ex- 
pense of t h e  f l e x i b l e  Epon 871. Because of d i f fe rences  i n  the epoxide 
equivalent  of each component, the modifications were compensated approxi- 
mately by the amount of Epon 946B hardener. I n  some cases ,  exact  s t o i -  
chiometry was followed; i n  other  cases,  a nonstoichiometric r a t i o  of 
hardener was used t o  obta in  good f l e x i b i l i t y  and r e t e n t i o n  of compatibil i l  
with cas t ing  solvent .  Brookfield v i s c o s i t i e s  were determined on each modi 
f i e d  formula f o r  per iods up t o  three  hours. The r e s ins  were then c a s t  i n  
s i l i c o n e  dogbone molds f o r  mechanical property tests. These data  a r e  re- 
ported i n  Table 34. 

r 

A s toichiometr ic  amount of Epon 946B would have been 15.8 par1 
f o r  formulation 2B and 18.6 p a r t s  f o r  l C ,  26  and 3C. The l a t t e r  th ree  ex- 
periments were attempts a t  reproducib i l i ty .  The 1 C  dogbones were cured ai 
ambient condi t ions f o r  47 days before t e s t i n g ;  they had the  highest  aver- 
age t e n s i l e  and modulus values of a l l  t h e  nonstoichiometric formulae. Thc 
3C dogbones were cured f o r  25 days and the  2C dogbones f o r  30 days a t  am- 
b i e n t .  The values f o r  these were reasonably c lose .  The b e s t  modificatioi 
was 2B because of i t s  f a i r  t e n s i l e  s t rength  and modulus, i t s  high elonga- 
t i o n  and moderately low v i scos i ty  of 1000 cps.  Dogbone cures  a t  300°F foi 
three hours a f t e r  allowing the  r e s i n s  t o  B-stage a t  ambient temperature 
f o r  16 hours r e su l t ed  i n  considerably higher t e n s i l e  s t rengths  and moduli 
f o r  the  modified formulae. Comparative data  f o r  the  standard Spr in t  PC 
formulation (2A) appeared t o  be anomalous and a r e  not  reported i n  the  tab' 
The average t e n s i l e  s t rength  and elongation of t h ree  Spr in t  s l i v e r s  cured 
a t  ambient condi t ions f o r  th ree  days and t e s t ed  a t  0 .1  in./ in./min were 
1050 p s i  and over 67%, respec t ive ly .  From t h e  o ther  data  i n  Table 34, i t  
may be infer red  t h a t  an  oven cure would have yielded a considerably higher 
t e n s i l e  s t rength  and lower elongation. 

3 

A Tal ian i  t e s t  was conducted on modification 2B with cas t ing  
solvent .  It generated a questionable 202 mm pressure and was tes ted  again 
A higher pressure  (255 m) was obtained the second t i m e .  Since it did not  
pass the  compat ib i l i ty  tes t ,  t he  2B formula was r e j ec t ed ,  leaving the s t a n  
dard formula (2A) a s  t he  recommended r e s i n  f o r  X259 motors. 

b. X248 Case Bond Repair Adhesive T e s t s  

During the course of t h i s  program i t  was necessary t o  r e p a i r  1 
an X248 motor CBS defec t  which required r epa i r  adhesive proper t ies  t h a t  1 
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1 t he  previously used polyurethane mater ia l  d id  not  m e e t .  ,Laboratory tes t -  

ing was undertaken t o  expand the  r e s u l t s  obtained i n  the  X259 labora tory  
t e s t i n g  t o  v e r i f y  t h a t  t he  prime candidates would be s a t i s f a c t o r y  f o r  X248 
CBS r e p a i r s .  

I 

I Laboratory support was provided i n  the  form of bond s t rength  

4 determinations between standard Spr in t  PC (Formula 2A) and the var ious 
components of the X248 motor and a l s o  between modification 2B and the X24 
components. 

Square t e n s i l e  specimens, described i n  Table 35, were prepare 
i n  t r i p l i c a t e  u t i l i z i n g  Formula 2A adhesive and BUU propel lan t  ( f resh ly  
machined surface) ,  n i t r i l e  butadiene rubber (NBR) insu la t ion ,  Spf ra l loy  
mat (Epon 828, Cata lys t  D/E g l a s s ) ,  Armstrong A2 adhesive, and aged motor 
case  bond i n t e r f a c e  samples. The motor case  bond in t e r f ace  samples were 
obtained from the  unburned remains of f i r e d  X248 motor NPP-242. The mot0 

mples were 2 i n .  square by 1 in .  t h i ck  and consis ted of i n su la to r  (NBR), 
Armstrong A2 adhesive, CA cloth/CBL-4, case  bond in t e r f ace ,  and BUU propel-- 
l a n t .  The CA c l o t h  and case  bond in t e r f ace  was manually separated and re- 
bonded with Formula 2A without surface praparat ion.  
CA cloth/CBL-4 in t e r f ace  produced a legging condi t ion (i.e.,  s t r i n g s  o r  l e  

The separa t ion  of t h e J  # 

of degraded adhesive formed and then broke a s  the  two sur faces  were separa 
The adhesive was presumably degraded by absorption of NG o r  some other  pro 
l a n t  ingredient .  .-.. 

Round t e n s i l e  specimens, described i n  Table 35, were prepared 
i n  t r i p l i c a t e  u t i l i z i n g  formula 2B adhesive and NBR, Spiral loy,  and 
Armstrong A2 adhesive. Propel lant  and motor samples were not  prepared 
with formula 2B adhesive because i t  was shown t o  be incompatible with 
these components. Resul t s  of the  case bond tests a r e  recorded i n  Table 3 
The data  ind ica t e  good bond s t rength  wi th  Formula 2A (standard Spr in t  PC) 
and modified formulation 2B, with one notable  exception. 
CBL-4 sur face  (aged case  bond in t e r f ace )  of the  cut-up motor sample bonde 
poorly t o  the  Spr in t  PC, r e s u l t i n g  i n  a t e n s i l e  value lower than the  mini 
mum requirement of 77 p s i .  This sample i s  believed t o  be more represen- 
t a t i v e  of t h e  condi t ions l i k e l y  t o  e x i s t  i n  a motor case bond separat ion,  
and t h i s  r e s u l t  i s  therefore  highly s i g n i f i c a n t  s ince  it indica tes  t h a t  
a t  l e a s t  under some condi t ions bonding of motor surfaces  without sur face  
preparat ion may r e s u l t  i n  low bond s t rength.  The data  a l s o  ind ica te  tha t  
the  modified r e s i n  (2B) was a b e t t e r  adhesive than the  standard (2A) but  
i t  was abandoned because i t  was not  compatible with cas t ing  solvent .  

The CA c l o t h /  
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